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ABSTRACT

Water quality and its exhaustion are topics of great importance in our daily life. The constant seeking
for well-being and comfort is bringing the natural resources towards dangerous limits. Therefore, and
as a result of social and political awareness, stricter legislation is being implemented regarding the
wastewater discharge in natural water streams. The appearance of harmful organic pollutants recalcitrant
to classical biological treatments stimulated the development of new depuration technologies operating
at room conditions of pressure and temperature. Among them, the electrochemical processes have
emerged as promising solutions with generally simple operations and inexpensive equipment. These
techniques are versatile, robust and amenable to automation. In this regard, the aim of the present study
consists in the use of electrocoagulation (ECG) and electrochemical oxidation (EO) processes to purify
agro-industrial and dye wastewaters by reaching the operating conditions that lead to the best energy

consumption/efficiency ratio.

The performance of the ECG process was evaluated by testing different sacrificial anode materials (Al,
Cu, Fe, Pb and Zn) for the depuration of a simulated phenolic mixture containing six phenolic
compounds typically found in olive mill wastewaters (OMW). The Zn material revealed to be an
attractive option with the highest removal of total phenolic content (TPh) and chemical oxygen demand
(COD), after 180 min of electrolysis. Subsequently several operating conditions were analysed and the
optimal were pHo 3.2, current density (j) of 25 mA cm, distance between electrodes of 1.0cm, 1.5g L"
! of NaCl and stainless steel as cathode, promoting 84.2 % and 40.3 % for TPh and COD removal,
respectively, with an energetic consumption of 40 kWh m=3. Those parameters applied to a filtered real
OMW without the NaCl addition led to 72.3 % of TPh and 20.9 % of COD abatements with a

consumption of 34 kWh m=, Ecological impact was still detected by bio-luminescence analysis.

Agueous solutions containing a Reactive Black 5 dye were treated by an ECG process using Al anodes
in batch-stirred and recirculation flow reactor configurations. The best results for both systems were
achieved at j of 16 mA cm, pHo 6 and an initial concentration of the dye of 100 mg L (and 800 rpm
for the batch-stirred reactor). In the batch-stirred, an actual textile effluent was also depurated using Al

or Zn anode materials. Final satisfactory legal values of discharge were attained for both cases.

Regarding the EO process, it was applied to the treatment of a synthetic OMW in a batch-stirred reactor
by testing the materials Ti/RuO; and the Ti/lrO; as anodes. After 180 min of reaction, each electrode
allowed a total TPh abatement and 100 % or 84.8 % of COD removal for the ruthenium or iridium
materials, respectively, with the following conditions, 10 g L™ of NaCl, 119 mA ¢cm and initial pH 3.4.
Although no morphological differences were observed between the fresh and used Ti/RuO; anode, the
surface of Ti/lrO, evidenced some changes. The impact in neuronal activity of the untreated and treated
phenolic effluents was evaluated through the formation of synaptic reactive oxygen species (ROS). The

treated effluent caused a smaller depression and a larger potentiation upon its removal than the untreated

VII



one, probably due to the formation of end products obtained. The depuration of real undiluted OMWSs
(CODo=6.5 and 23 gO, L*) with both active anodes revealed a high ability to remove phenolic content,
achieving only COD removal around 17 %. Conversely, when a diluted OMW (CODo=1.1 gO, L) was
tested with Ti/IrO, material, there was an increase of the COD abatement to 62.8 %. The results ensure

the applicability of these approaches as pre-treatment processes.

In another study, electrochemical measurements (cyclic voltammetry and polarisation curves) and bulk
electrolysis with one or two flow cells in series were employed to evaluate the performance of Ti/lrO--
Ta;,0s and Nb/BDD anode materials in the elimination of Amaranth dye from aqueous solutions.
Nb/BDD showed a major oxidation power to remove the dye. Similarly, the best colour (98.5-100 %)
and COD removals (43.2—49.1 %) were attained by both materials individually at different j (30 or 60
mA cm) and reaction times (60 or 360 min). The energy consumptions varied from 14.3 to 33.8 kWh
m-3. The combination Ti/IrO,-Ta,0s+Nb/BDD at 30+30 mA cm obtained the most interesting results,
enhancing COD abatement to 75.1 %, after 60 min of treatment and consuming 25.4 kWh m=3, This
reveals that the efficiency of a serial configuration may be higher with less energy consumption than the
sum of the individual cells. An analogous work was performed with Ti/Pt and Ti/Pt-SnSh materials in
order to avoid dependence on the use of higher cost materials such as BDD. Polarisation curves
demonstrated that Ti/Pt-SnSb has higher electroactivity to remove the dye when compared to Ti/Pt.
Besides, after 360 min treatment, the experiment with the former anode at 30 mA cm led to 97.5 %
and 70.3 % of colour and COD removal, respectively, consuming 72 kWh m= of energy. The
combination of the two active anodes in cells in series promoted a faster colour removal. Trials
combining Ti/Pt-SnSb and Nb/BDD materials were also performed. Among them, the configuration
Nb/BDD+Ti/Pt-SnSh at 30+30 mA cm provided the best results after 180 min of reaction, with 100 %
and 69.9 % of colour and COD removals, respectively, as well as 78 kWh m of energy consumed. The
most interesting strategy to purify a synthetic solution containing the Amaranth dye was endorsed by
the Ti/lrO,-Ta,Os+Nb/BDD at 30+30 mA cm™ arrangement.

ECG and EO are versatile processes able to be quickly adjustable to different effluents, final target

parameters and required thresholds.
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RESUMO

A qualidade da &gua e a sua exaustdo séo tdpicos de grande interesse nos dias de hoje. A procura
constante pelo bem-estar e conforto tem diminuido drasticamente a disponibilidade dos recursos
naturais. Como resultado de uma tomada de consciéncia social e politica tem-se vindo a aplicar
legislacdo cada vez mais rigida relativamente a descarga de efluentes em meios aquaticos. O
aparecimento de poluentes organicos recalcitrantes aos processos biolégicos estimulou também o
desenvolvimento de novas tecnologias de tratamento que operassem em condi¢fes hormais de pressao
e temperatura. Entre estes sistemas emergiram os processos eletroquimicos como solugdes promissoras,
geralmente com operacBes simples e equipamento pouco oneroso, sendo estas técnicas versateis,
robustas e adequadas a automacdo. Desta forma, o objetivo deste estudo centra-se na utilizacdo de
processos de eletrocoagulacdo (ECG) e oxidacdo eletroquimica (OE) para o tratamento de aguas
residuais da agroindustria e da indistria de corantes, de modo a atingir o melhor racio entre consumo de

energia e eficiéncia do sistema.

O desempenho do processo de ECG foi avaliado através de testes com diferentes anodos sacrificiais (Al,
Cu, Fe, Pb e Zn) na depuracdo de uma mistura fendlica simulando efluentes de lagares de azeite. O
anodo de Zn foi a solugdo mais atrativa, com as remocGes mais elevadas de caréncia quimica de oxigénio
(CQO) e contetdo fendlico total (CFT), apds 180 min de eletrélise. Em seguida, testaram-se varias
condigdes de operacdo, tendo-se obtido a optimizacdo dos pardmetros: pHo 3.2, densidade de corrente
())=25 mA cm?, distancia entre elétrodos=1.0 cm, 1.5 g L de NaCl e o aco inoxidavel como cétodo,
que envolveram a remocéo de 84.2 % e 40.3 % de CFT e CQO, respetivamente, consumindo 40 kWh
m=3, Essas condicOes foram aplicadas a um efluente real de lagares de azeite sem a adicdo de NaCl
permitindo remover 72.3 % de CFT e 20.9 % de CQO com um consumo de 34 kWh m=3. Foi ainda
avaliado o impacto ecologico do efluente depois do tratamento através de estudos de inibicdo de

bioluminescéncia.

Foram tratadas solucgdes agquosas contendo o corante Reactive Black 5 por ECG usando &nodos de Al
em duas configuragcdes reacionais: descontinuo-agitado e de fluxo com recirculagcdo. Os melhores
resultados para ambos os sistemas foram alcangados a j=16 mA cm, pHo 6 € 100 mg L™ de corante (e
800 rpm para o reator descontinuo-agitado). No reator descontinuo-agitado, foi também tratado um
efluente téxtil real utilizando &anodos de Al ou Zn. Nos dois casos foram obtidos valores de remocao

satisfatorios para a descarga do efluente.

Em relag&o ao processo de OE, este foi aplicado a purificagdo de uma &gua residual simulada de lagares
de azeite testando anodos de Ti/RuO; e Ti/lrO,. Apbés 180 min de reagdo, cada material permitiu a
degradacdo total do CFT e 100 % ou 84.8 % de remocdo de CQO para os anodos de ruténio e iridio,
respetivamente, com as seguintes condi¢des de operacdo 10 g L de NaCl, 119 mA cm? e pHo 3.4.

Embora ndo tenham sido verificadas diferencas morfoldgicas no elétrodo de Ti/RuO, apds tratamento,
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no caso do Ti/lrO, foram detetadas algumas alteragBes na sua superficie. O impacto na atividade
neuronal do efluente fendlico ndo-tratado e tratado foi testado pela formacéo de espécies reativas de
oxigénio. O efluente tratado causou uma pequena depressdo e uma maior potenciacdo apds a sua
remocdo quando comparado com o efluente ndo-tratado, provavelmente devido a natureza dos produtos
finais formados. Testou-se ainda o processo usando efluentes reais de lagares de azeite ndo diluidos
(CQO=6.5¢e 23 gO, L) com os dois anodos. Neste caso a remocéo de CFT foi bastante eficiente embora
a degradacdo de CQO tenha atingido apenas 17 %. Contudo, quando um efluente real diluido (CQO=1.1
g0, L?) foi tratado com Ti/lrO-, a eficiéncia de remogédo da CQO aumentou atingindo 62.8 %. Estes
resultados demonstram a capacidade do processo de OE como pré-tratamento de efluentes com elevada

carga organica.

Noutro estudo foram realizadas medigdes eletroquimicas (voltimetria ciclica e curvas de polarizagao) e
de eletrolise em solugdo com uma ou duas células em série de modo a avaliar o desempenho dos
materiais anodicos Ti/lrO,-Ta,0s e Nb/BDD na eliminagao do corante Amaranth em solugdes aquosas.
O éanodo de Nb/BDD exibiu maior poder de oxidagdo para remover o corante. De forma similar, os
melhores valores de remocao de cor (98.5-100 %) e CQO (43.2-49.1 %) foram obtidos por ambos 0s
materiais individualmente a diferentes j (30 ou 60 mA cm) e tempos de reacdo (60 ou 360 min), com
consumos de energia variando entre 14.3 e 33.8 kWh m=. A combinagéo Ti/IrO,-Ta,Os+Nb/BDD a
30+30 mA cm? em células duplas promoveu os resultados mais interessantes com o aumento da
remocéao da CQO para 75.1 %, ap6s 60 min de tratamento e consumindo 25.4 kWh m3, Estes resultados
revelam que a eficiéncia das células em série pode ser mais elevada e com menor consumo de energia,
do que a soma das células individuais. Foi feito um trabalho analogo com &nodos de Ti/Pt e Ti/Pt-SnSb,
de modo a evitar o recurso a materiais de elevado custo como o BDD. As curvas de polariza¢do
demonstraram que o anodo de Ti/Pt-SnSbh possui uma maior eletroatividade para remover o corante
guando comparado com o de Ti/Pt. Além disso, ap6s 360 min de tratamento, a experiéncia com Ti/Pt-
SnSh a 30 mA cm? promoveu 97.5 % e 70.3 % de remogdes de cor e CQO, respetivamente, consumindo
72 kWh m3. A combinacéo destes dois anodos ativos em células em série promoveram uma remogao
de cor mais rapida. Foram também realizadas experiéncias combinando os materiais de Ti/Pt-SnSb e
Nb/BDD, tendo-se concluido que a configuragdo Nb/BDD+Ti/Pt-SnSh a 30+30 mA c¢m providenciou
os melhores resultados, ap6s 180 min de reacdo, com 100 % e 69.9 % remocdes de cor e CQO,
respetivamente, assim como 78 kWh m= de energia consumida. A estratégia mais interessante para
purificar uma solugdo sintética com o corante Amaranth foi a configuracéo Ti/IrO.-Ta,Os+Nb/BDD a
30+30 mA cm?,

A eletrocoagulagdo e a oxidacao eletroquimica sdo processos versateis que podem ser eficientemente

ajustados a diferentes tipos de efluentes, pardmetros finais e limites legais de descarga.
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CHAPTER 1. INTRODUCTION

I. INTRODUCTION

In the second half of the 19" century and throughout the 20" century, industrial activities experienced
an exponential expansion. This intensification enabled humanity to reach modern welfare, yet it caused
the indiscriminate use of raw material resources and the unavoidable pollution of the environment with
tragic effects to atmosphere, water systems and soil. When its foundations are not based on sustainable
premises, industrial development represents a major threat to human wellbeing. Therefore, sustainability
will be the suitable plan to a better future, where economic growth must be forced to coexist with social

cohesion and environmental protection [1-3].

I.1 WATER SCARCITY AND ITS POLLUTION

Water availability and its quality are two considerable problems that society faces today. In fact, these
issues can be accentuated in the future by climate change that causes higher water temperatures, melting
of glaciers and an intensification of the water cycle, with potentially more floods and droughts. Water
is a fundamental substance in our world and essential in our lives. Only less than 1 % of the planet’s
water is available for human consumption and, according to the World Health Organisation [4], one
quarter of the world’s population does not have access to adequate sanitation facilities and proper
hygienic practices, which are related to the lack of safe drinking water. While this occurs in developing
countries, other dramatic factors that affect the environment arise from developed countries, such as the
wide variety of harmful effluents that are directly discharged into natural water courses as a result of
industrial and domestic activities. These actions not only threaten the supply of freshwater but also

aquatic life and all the food chain.

Water pollution consists in any physical, chemical, or biological change in water quality that has a
negative impact on living organisms. Thus, the purification of wastewaters becomes indispensable to
achieve the ideal degree of quality. The sources and impacts of the common classical pollutants such as
natural organic compounds are reasonably well understood, but designing sustainable treatment
technologies for them remains a scientific challenge [1,5,6]. Fortunately, the European Parliament
reflected a new awareness through the directive 2000/60/EC, accentuating the necessity to diminish the

quantity of pollutants through the implementation of new processes to combat water pollution [5].

1.2 ORGANIC CONTAMINANTS

There are several industrial effluents which incorrect disposal into water courses causes considerable
effects on the environment. In this work, the focuses were on olive mill wastewaters (OMW) and dye-

stuff effluents. The following sections describe the main features of each selected effluent.
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1.2.1 PHENOLIC ACIDS AND OLIVE MILL WASTEWATERS (OMW)

The seasonal olive oil extraction industry generates an excessive amount of wastewaters encompassing
several organic compounds like sugars, lipids, phenols and polyphenols [7]. This kind of waste may
contain high concentrations of phenolic compounds, including most importantly cinnamic acid
derivatives, benzoic acid derivatives and compounds related to tyrosol (Table 1.1). The resemblance
between these compounds consists of an aromatic ring with one or more substituent hydroxyl groups
and a functional side chain [8-10]. Phenolic mixtures are usually present in agro-industrial effluents and
incorporate a significant contaminant load due to their high toxicity, refractory character and high
stability in water [11-14].

Table 1.1. Categories and main phenolic compounds present in olive mill wastewater.

Cinnamic acid derivates Benzoic acid derivates Compounds related to tyrosol
Cinnamic Benzoic Tyrosol
p-Cumaric p-Hydroxybenzoic Hydroxytyrosol
Caffeic Protocatechuic p-Hydroxyphenylacetic
Ferulic Vanillic
Veratric
Gallic
Syringic

Adapted from: [14].

The composition of the agro-effluents depends on the olive variety, olive seed maturity, cultivation
parameters, geological-climatic conditions and extraction process [8,10,15]. These polluted streams are
responsible for a significant contamination problem in Portugal and other Mediterranean countries,
where a great number of small factories are engaged in the production and refining of olive oil,

accounting for 97 % of the worldwide olive oil production [8,10,15,16].

The treatment of liquid wastes produced from olive oil production is still the most important challenge
that this industry has to handle. Commonly, the ways of dealing with the olive mill wastewaters (OMW)
entails their direct discharge into sewer networks and central lagoons or its storage in small ponds where
it is left to evaporate until the next season. However, important environmental impacts may occur, like
the colouring of natural waters, contamination of surface and ground waters, modifications in soil
quality, phytotoxicity and bad odours [10,14,15,17]. Consequently, rigorous requirements have been
imposed to effluents discharge into public aqueous streams. However, the treatment of OMW by
conventional biological processes has proved to be inefficient due to their bio-refractory nature and
seasonality character of the olive oil cycle production, impeding the needed microorganisms
acclimatation. Thus, new suitable cost-effective treatment technologies to reduce recalcitrant and toxic

phenolic contaminants are demanded [11,18,19].
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1.2.2 DYE WASTEWATERS (DW)

Dyes can have a natural or synthetic origin, being the latter more widely used not only because of its
stability but also because of its low cost of production compared to the former one [20]. These substances
have complex aromatic molecular structures that make them difficult to biodegrade [21]. More than 100
000 dyes are available in the world market leading to a production of approximately 7x10° tons of
dyestuffs per year, including for the textile, cosmetic, paper, leather, pharmaceutical and food industries
[22]. The dyeing and finishing processes generate a large quantity of contaminated effluents which are
oftenly discharged with poor or no treatment. Due to the high concentration of dyes and other
components such as salts, acids, bases, surfactants, dispersants, humectants, oxidants and detergents,
these effluents cause a great environmental problem [23]. One of the main concerns is the colourisation
of the aquatic systems even with low concentrations of dyes, which obstructs the light penetration and
the oxygen solubility, thus affecting the aquatic life [22,24]. Serious risks may also arise from the
toxicity and the carcinogenicity character of the azo dyes (60-70 % of the colourants employed
worldwide), as well as the potential mutagenicity of the breakdown products formed during the cleavage
of chromophore groups, in particular the aromatic amines [22,25-28]. In addition, these dyes are very
stable in environment and very resistant to natural processes of oxidation/reduction, biodegradability
and photodecomposition [23,29].

Therefore, the treatment of these wastewaters becomes crucial to completely eliminate the initial
contaminants and reduce the environmental impact of the intermediates generated during its

degradation.

I.3 WASTEWATER REMEDIATION STRATEGIES

Wastewater treatment systems must guarantee the elimination or recovery of pollutants in order to reach
the strict authorised limits to discharge contaminated effluents in natural hydric resources. In general,
the removal of organic substances in agueous solution requires one or more basic purification technigues
depending on the concentration, volume flow of the stream to be treated, and the cost of the process
[11,18,30].

Traditional methods used for water and wastewater handling can be broadly categorised by the nature
of the operation process as biological, thermal, physical or chemical methods. Nowadays, the
combination of technologies is becoming more popular since it offers the possibility to combine both
environmental and economic advantages of each process [10,13,18,30]. Among contemporaneous
techniques, advanced oxidation processes (AOPs) are being increasingly applied to destroy organic

compounds present in several wastewaters from different industrial plants [8,10,12,13,18].
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1.3.1 TRADITIONAL TREATMENTS

Biological processes are the most widespread because they are considered environmentally compatible,
trustworthy and, in most cases, cost-effective [8,10,31]. Commonly, searched methods are the anaerobic
and aerobic oxidation. Several studies have reported that anaerobic digestion is usually the main
biological treatment process because it has many advantages when compared to aerobic treatment. For
example, it has low energy demand and produces less waste sludge, while it also leads to energy
generation in the form of biogas and potential re-use of the effluent in irrigation [8,10,19]. For DW, they
are efficient in colour removal and require lower nutrients than the conventional activated sludge process
[32]. However, both systems (anaerobic and aerobic) are not the most suitable to eliminate or reduce the
high organic load of olive mill or dye wastewaters that are recalcitrant to biodegradation and inhibitory
to microorganisms activity. In the case of OMW, it is compulsory to dilute numerous times the effluent

before the biological treatment, which leads to relevant cost implications [3,8,10,14,22,31,33].

Thermal processes such as combustion, co-combustion and pyrolysis are known to destroy pollutants at
high temperatures, reducing the waste volume and providing energy recovery. Nevertheless, these kinds
of processes have low efficiency to remove phenolic compounds. Besides, expensive facilities are
generally required with high fuel costs and can be responsible for emissions of dangerous substances
into the atmosphere [3,10,34]. Moreover, for low organic charge wastewaters, the effluents

concentration would be required with inherent high energetic costs.

The technologies that only separate the pollutants from the water either by means of a support system
or by transferring it to another phase and do not involve chemical transformations of the pollutants are
the so-called separation treatment techniques. In other words, these processes only give partial solution
to the problem because afterwards a final destination still needs to be set for the separated contaminants.
Filtration, coagulation/flocculation, adsorption and ion exchange are examples of these non-destructive
methods. The main membrane filtration technologies applied to wastewater treatment are
microfiltration, ultrafiltration, nanofiltration and reverse osmaosis. This type of approach is widely used
and interesting in water reuse, but the initial investment and maintenance costs associated to the
membranes are very high [14,22,30,35,36]. Normally, coagulation/flocculation processes are employed
as a pre or post-treatment stage because they are not very efficient when used alone since most of the
organics found in OMW and DW are difficult to precipitate [10,14,22]. Adsorption techniques using
activated carbon are successful in the treatment of wastewater contaminated with low concentrations of
phenolic compounds and dyes. During long contact times and high concentrations of oxygen, the
phenolic compounds tend to be irreversibly adsorbed on the coal surface. A similar behaviour occurs in
the removal of dyes from effluents [22]. This process has the disadvantage of requiring a step of
regeneration, during which the contaminant is concentrated in the vapour phase [3]. lon exchange

processes allow the replacement of ions in solution using chemical reagents and it may be used to remove
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phenols and polyphenols [14]. On the other hand, this technique is not usually used for the removal of

dyes, since ion exchangers cannot accommodate a wide range of dyes [29].

None of these physical-chemical processes alone is able to reduce the organic load and the toxicity of
OMW and DW to acceptable limits. They are too expensive and do not solve the problem of sludge
disposal and/or the by-products that derive from their application [10,19,28]. Therefore, it is essential

to seek and develop new types of treatments to deal with phenolic compounds and dyes.

1.3.2 ADVANCED OXIDATION PROCESSES

Advanced oxidation processes (AOPs) are gaining popularity among the scientific community for
wastewater remediation, since they involve the generation of hydroxyl radicals (*OH). These powerful
non-selective species have high oxidation potential and are able to react very quickly with a wide variety
of organic compounds. These processes often ensure the complete abatement and mineralisation of the
pollutants leading to the end products: carbon dioxide, water and inorganic ions; or the conversion of
the contaminants to less harmful compounds that may be further degraded in activated sludge systems
[5,18,37].

The AOPs may be classified according to the reaction phases involved (homogeneous and
heterogeneous) or depending on the source of the oxidising species (0zonation, Fenton-type reactions,
photochemical oxidation, electrochemical oxidation and ultrasound degradation) (Figure 1.1). Each of
them offers different ways to generate hydroxyl radicals. Among these processes, it shall be given
preference to those that perform oxidation reactions at ambient or close to ambient conditions, thereby
limiting the investment costs [38]. In fact, these technologies show high efficiency in water and
wastewater treatment, particularly for effluents containing refractory, toxic and non-biodegradable
materials. Nevertheless, they often encompass high capital and operating costs when compared with
conventional methodologies so that they do not replace the inexpensive bio-remediation whenever it is
possible [5,18,37,39]. Therefore, the AOPs can be used to treat toxic and/or non-biodegradable effluents
during a short time, optimising chemicals and energy consumption and generating an intermediate
wastewater that can be fully biodegradable. This opens the possibility of a subsequent biological
treatment for the complete removal of organic matter. An integrated plant combining the environmental
and economic advantages of AOPs and biological treatments seems to be an interesting option from an
economical point of view and a practical solution for the removal of toxic compounds from water
[5,18,40].
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Figure 1.1. Classification of advanced oxidation processes.
Abbreviations used: Oz ozonation; H.0> hydrogen peroxide; UV ultraviolet radiation; US ultrasound energy; Fe?* ferrous ion; EO electrochemical oxidation.
Adapted from: [22,39].

1.3.3 ELECTROCHEMICAL ADVANCED PROCESSES

The electrochemical oxidation (EO) is one of the electrochemical advanced oxidation processes
(EAOPs) involving in-situ electro generation of strong oxidants, allowing a better efficiency in the
removal of organic compounds when compared to analogous techniques, such as ozonation and Fenton’s
processes [2,41,42]. Other distinctive electrochemical method is the electrocoagulation (ECG), which
is based on the generation of coagulants in-situ by the dissolution of sacrificial anodes to the liquid. The
generated metal ions are hydrolysed to produce metal hydroxide ions leading to the entrapment of the
pollutants. Electrocoagulation is more effective and yields more rapid contaminants separation with
smaller amount of produced sludge and lower operating costs than the traditional coagulation systems
[43,44].

The required equipment and operations for these types of electrochemical processes are generally simple
and inexpensive; nonetheless various considerations must be taken into account to optimise efficiency,
such as nature of the electrode material, reactor configuration and experimental conditions. These
techniques are versatile and robust because allow dealing with several pollutants, treating diverse
volumes of wastewaters, completing the reaction easily in short periods of time by cutting the power
off, and having a rapid reset when operation problems occur [2,41]. In addition, their potential can be
easily controlled and the operational parameters can be designed to minimise power losses. These

processes are amenable to automation since the electrical variables are simple enough to use for data
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acquisition, process automation and control. However, the main disadvantage of these systems consists

on their high operating cost due to high energy consumption [2,41,45].

1.4 MOTIVATION AND SCOPE OF THE WORK

A long time ago, water was considered an unlimited low cost resource. However, that paradigm changed
in the latest years due to the continuous increase of worldwide over consumption and contamination of
the natural water courses. These factors brought risks to ecosystems since water is essential to life in
general. The gap between its supply and demand is raising concern among society and governments;
thus, the intense use of water is being limited and the recycle and reuse of this precious natural resource
is being emphasised. The imposition of ever-stricter discharge regulations has driven up effluent
treatment costs, requiring capital expenditures with little or no productive return. Additionally, there are
wastewaters which cannot reach the present standards by conventional treatment techniques. In this
regard, efforts should be made to develop and implement new efficient and economical treatment

methods.

Electrochemical processes are the chosen advanced treatments to be studied and developed in this work,
since they can operate at ambient conditions of pressure and temperature and are more efficient and

compact when compared to other technologies.

The effluents obtained from olive mills and dye industries are particularly difficult to be biologically
degraded and are the ones that are intended to be studied in the manuscript. In Portugal, a large number
of these industrial units are responsible for most of water pollution. Thus, the demand of alternative

treatment proves to be crucial for the environmental preservation of our ecosystems.
In this context, the main goals of this thesis can be summarised as follows:

» Study of the purification of synthetic wastewaters simulating olive mill effluents and dye
effluents with further application to real wastewaters.

» Application of two electrochemical processes, electrocoagulation and electrochemical
oxidation, to treat olive mill and dye wastewaters by evaluating the effect of the following
parameters:

o Initial pH;

o Pollutant concentration;

o Current density;

o Nature and concentration of the electrolyte;
o Nature of the electrode material;

o Distance between electrodes;

o Stability and durability of the electrodes;

o Reactor configuration (batch-stirred and batch-recirculation flow).
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» Assess of the contaminants degradation through the chemical oxygen demand (COD). In the
case of OMW, the depletion of the phenolic content was also determined (TPh), while for the
dyes, the decolourisation rate was determined from the decrease of the UV-vis absorbance.

» Monitoring the concentration of pollutants over time using chromatography of high efficiency
(HPLC).

» Calculation of the energy efficiency and energy consumption.

» Optimisation of the operating conditions with the synthetic wastewaters, moving later to real
effluents.

> Fulfil the legislate standards for discharge into aquatic streams or even to achieve the parameters
to apply a final biological treatment process.

> Assess of the effect of the electrochemical treatment over the effluents toxicity and human
health impact.

1.5 STRUCTURE OF THE THESIS

This thesis is divided into four main parts. In Part A, chapter | intends to contextualise the reader with
the specific liquid effluents situation, containing an introductory role on the environmental problems
associated to olive mill and dye wastewaters, as well as the kind of treatments that can be used in their
purification. Also, the motivations to perform this work are identified and a description of the strategy
followed to achieve those goals is made. Chapter Il presents an updated overview about the
electrochemical processes used in this work, namely electrocoagulation and electrochemical oxidation,
to depurate phenolic and dye wastewaters. Fundamentals of each technology are presented to better

understand their basic theory related to mechanisms, reactor design and operating conditions.

Parts B and C are composed by chapters mainly based on the publication of peer-reviewed articles. Part
B is devoted to the electrocoagulation process experiments and covers chapter 111 to V. In chapter IlI,
anodes materials are screened in order to select the most promising to enhance the ECG technology
action over a mixture comprising six major phenolic pollutants usually presents in OMW (3,4,5-
trimethoxybenzoic, 4-hydroxybenzoic, gallic, protocatechuic, trans-cinnamic and veratric acids),
regarding COD and TPh enhancement. In Chapter V, a special interest was given to the use of the Zn
anode material applied to the previous phenolic mixture and the effect of several operating conditions
were tested for the purpose of improving the ECG process. The electrode stability and durability is also
addressed. After the optimisation of those conditions, the remediation of a real OMW was accomplished.
Chapter V studies the Reactive Black 5 dye elimination from aqueous solutions by using aluminium
anodes in batch-stirred and flow discontinuous ECG systems. The treatment of an actual DW has also

been considered.

10
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Part C is dedicated to the electrochemical oxidation process assays and comprises the chapters from VI
to IX. In chapters VI and VII, two active anodes, Ti/RuO. and Ti/lrO, were evaluated, respectively.
Both materials were analysed taking into account the reduction of COD and TPh parameters from the
synthetic phenolic mixture and real OMW, as well as the impact of these contaminants on neuronal
studies, before and after the EO treatment. Chapter VIII focus on the anodic oxidation of the Amaranth
dye in aqueous solution by electrochemical measurements (cyclic voltammetry and polarisation curves)
and bulk electrolysis using one cell or two cells in series with active (Ti/lrO,-Ta20s) and non-active
(Nb/BDD) anodes. Chapter 1X refers to the comparison of two active anodes (Ti/Pt and Ti/Pt-SnSh)
using the same EO systems as in the previous chapter. Enclosing the study, the performance of flow
cells in a serial mode with Ti/Pt-SnSb and Nb/BDD anodes was addressed, aiming to assess the effect

of the BDD material on the system.

Part D finally summarises the main conclusions of the work and encompasses the future work

perspectives as well (chapters X and XI, respectively).

11
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II. ELECTROCHEMICAL PROCESSES:
FUNDAMENTALS AND LITERATURE OVERVIEW

Electrochemical processes are considered environmentally friendly since they use the electron as a clean
and efficient reagent, without demanding the addition of further chemicals [1,2]. The application of
electrochemical technologies in wastewater treatment has shown high effectiveness in the elimination
of organic contaminants [1,3,4]. Before beginning to examine how electrochemistry can play a useful
role in environmental science through literature overview, some fundamental concepts about
electrocoagulation and electrochemical oxidation technologies will be first addressed and used as

buildings blocks for later chapters in this thesis.

I1.1 ELECTROCOAGULATION (ECG) PROCESS

The electrocoagulation (ECG) is a phase separation technology that has been known for more than a
century. However, it had not been extensively applied to the treatment of water and wastewaters because
of its high initial investment and energy costs. Nevertheless, in the 21° century, the prices of electricity
as well as power sources have substantially lowered, turning the ECG into a viable alternative for
environmental purposes [5,6]. This technology involves the electro dissolution of sacrificial anodes into
aqueous medium yielding metallic ions. Subsequently, metal hydroxides are formed by the reaction of
the yielded metal ions at the anode and the hydroxide released during the water reduction to hydrogen
at the cathode. It should be noticed that the distribution and solubility of the metallic ions and their
hydroxocomplexes are dependent on pH and ionic strength. These metal ionic species and
hydroxocomplexes react with negatively charged particles in the water to form flocs, which will have
the power to destabilise and aggregate the suspended particles in order to precipitate, trap or adsorb
dissolved contaminants. Moreover, the phenomenon of electroflotation can also take place when the
hydrogen bubbles evolve at the cathode, attaching the coagulated particles and transporting them to the
surface of the solution where they can be separated [4,5,7]. Figure 11.1 represents a scheme of the

electrocoagulation process.
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Figure 11.1. Mechanism for the electrocoagulation process.
Source: [4].

Therefore, it is possible to state that the ECG is based on the interaction of three conventional
technologies combining their mechanisms and advantages: chemical coagulation, flotation and
electrochemistry. All of these are well-known processes with a long period of research and development.
However, the deep knowledge about the relation between these technologies in an ECG system, is still
somehow misty. More studies on the core basis of electrocoagulation are required to develop a better

understanding of this process as a whole [6].

1.2 ELECTROCHEMICAL OXIDATION (EQO) PROCESS

The first studies on electrochemical oxidation (EO) for wastewater remediation were reported in the 19t
century, although its extensive investigation started in the 20" century focused on the electrochemical
conversion/destruction of organics. During the past two decades, many research groups all over the
world have been devoted and are still involved in the discovery of the potentials of this process due to
the evident relevance in developing new technologies to preserve water resources and environment
[1,2,4,5,8-11].

The EO is the most popular treatment of contaminants among the electrochemical processes and it can

occur through two different mechanisms:

Direct oxidation, where the pollutants are diffused from the bulk solution to the surface of the

anode, being oxidised there by direct charge transfer processes (Figure 11.2a);

Indirect oxidation, where the pollutants are indirectly oxidised by electrochemically generated

oxidants. These species are generated by the oxidation of a mediator on the surface of the anode

that will react with the contaminants in the bulk (Figure 11.2b).

In addition, both mechanisms may coexist during oxidation [2].
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Figure 11.2. Scheme for a) direct and b) indirect electrochemical oxidation processes.
Adapted from: [2].

The main disadvantage of direct oxidation is its catalytic activity decrease due to the poisoning effect
caused by the development of a polymeric film on the electrode’s surface. The adsorption properties of
the anode surface, as well as the concentration and the nature of organic compounds and even their
degradation intermediates are factors that influence the electrodes deactivation. This problem can be
avoided if oxidation is accomplished in the potential region of water discharge, with simultaneous

oxygen evolution, or by indirect electrochemical oxidation [11].

In the indirect oxidation process, the most common oxidants electrogenerated are the reactive oxygen
species (ROS) such as hydroxyl radicals, ozone and hydrogen peroxide, as well as different active
species that depend on the electrolyte used. For example if NaCl is applied active chlorine species like
Cly, HCIO and CIO™ are produced.

11.2.1 ELECTROGNERATION OF REACTIVE OXYGEN SPECIES (ROS)

In 1994, Comninellis [12] established a comprehensive model of the oxidation of organics in an acidic
medium comprising the competition with the O, evolution reaction. This scheme was slightly modified
over time and the different behaviour of the anodes in EO was explained by considering two limiting
cases as in the schematic model of Figure 11.3. The anode materials were classified in two big groups
depending on the species which were mainly electrogenerated: active anodes (Pt, IrO2 and RuO,) with
low O, overpotentials where chemisorbed radicals are preferentially formed, and non-active anodes

(PbO2, SnO, and BDD) with high O, overpotentials where the hydroxyl radical remains physisorbed.
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Figure 11.3. Representation of the mechanism of electrochemical oxidation of organic compounds on active and non-active anodes.
Active anodes - reactions (a), (b), (c) and (d) and non-active anodes - reactions (a), (¢) and (f).
(a) Formation of M(*OH); (b) Formation of the higher metal oxide, MO; (c) Electrochemical conversion of the organic compound, R,
via the MO; (d) Oxygen evolution by the chemical decomposition of the MO; (e) Electrochemical combustion of the organic compound,
R, via *OH radicals; (f) Oxygen evolution by EO of *OH radicals; (g) Hydrogen peroxide production via *OH radicals and (h) Ozone

production.
Source: [4].

According to the proposed model, the first step, which is common for both types of anodes (generically
denoted as M), consists in the oxidation of the water molecules electrogenerating physisorbed M(*OH)

radicals as represented in Equation (11.1).
M+ H,0 - M( "OH) + H* + e~ (1.1)

After the hydroxyl radicals formation and depending on the electrode nature (active or non-active), two
limiting behaviours can occur. In the case of the active anodes, their surface strongly interacts with *OH

radicals leading to the formation of the superoxide (MO), Equation (l1.2).
M( "OH) » MO + H* + e~ (1.2)

The redox couple MO/M will act as a mediator in the oxidation of the organic compounds (Equation
(11.3)) and at the same time will compete with the parasitic reaction of the O evolution through the
decomposition of the MO (Equation (11.4)).

MO+R—->M+RO (11.3)
1
MO - M +-0, (11.4)

In its turn, the surface of the non-active anodes has a weak interaction with the *OH radicals, allowing
the oxidation of the organics by M(*OH), leading to their complete mineralisation to carbon dioxide and
water (Equation (11.5)).During this process, the competition of the side reaction of the O, evolution

(Equation (11.6)) may also occur or even the dimerization of the M(*OH) to H2O- ((11.7)).
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aM( ‘OH) + R » aM + mCO, + nH,0 + (a— 2n) H* + (a— 2n) e~ (11.5)
. 1

M( OH)—>M+502+H++e‘ (11.6)

2M( "OH) - 2M + H,0, (I1.7)

As can be realised through this mechanism, anodes with low oxygen evolution overpotential have an
active behaviour, allowing only partial oxidation of organics. On the contrary, anodes with high oxygen
evolution overpotential like the non-active ones privileges complete oxidation of organic compounds.

As a result, these last electrodes are regarded as the most suitable for wastewater treatment [1,11-13].

Ozone is another electrochemically generated oxidant, being recognised as a powerful oxidising agent
(E°=2.07 V vs SHE), which is able to participate in a high number of reactions. The synthesis of this
substance occurs from the anodic oxidation of water in an acidic media, requiring low voltage (E°=1.51

V vs SHE) and it is represented by Equation (11.8).
3H,0 - 05 + 6H* + 6e~ (11.8)

Ozone generation efficiency can be limited by the O, evolution reaction (Equation (11.9)) that takes place
at a lower potential (E°=1.23 V vs SHE), being certainly thermodynamically preferred than Equation
(11.8). Therefore, the parasitic reaction should be minimised in order to get ozone at significant current
efficiencies [11,14].

2H,0 - 0, + 4H* + 4e™ (11.9)

Moreover, in order to improve the electrogeneration efficiency of ozone, anodes with high O,
overpotential which are stable in highly acidic media and electrolytes whose composition do not

participate in competitive reactions are required [14].

Beyond the anodic formation of ROS (reactive oxygen species), there is also the cathodic generation of
oxidants like the hydrogen peroxide (Equation (11.10)) through the reduction of the oxygen gas which
can be directly injected as pure oxygen or bubbled air at the cathode [15].

02 + 2H20 + 2e” - H202 + 20H™ (11.10)

This oxidant is considered as “green” since it just decomposes itself into water and oxygen (Equation
(11.11)). However, this spontaneous decomposition decreases peroxide activity, as well as the
electrochemical reduction of hydrogen peroxide at the cathode (Equation (11.12)) that diminishes the

current efficiency reducing the degradation achieved by the process [14,15].
2H,0, - H,0 + 0, (11.12)

H,0, + 2H* + 2e” - 2H,0 (11.12)
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Although hydrogen peroxide is widely used in wastewater treatments, it is considered a weak oxidant
when applied alone. Nonetheless, its oxidation power can be highly improved owing to its combination
with ozone, UV-light and transition metal catalysts such as iron ions that break the hydroxide peroxide

bond and produce hydroxyl radicals, known as Fenton’s process (Equation (11.13)).
Fe?* + H,0, — Fe3* + *OH + OH~ (11.13)

This know-how was adjusted to the indirect electrochemical treatment, being called electro-Fenton’s
process, wherein the hydrogen peroxide, continuously produced in-situ, is mixed with iron catalyst in
the aqueous solution promoting the formation of *OH radicals in the bulk via Fenton’s process. The
major advantages of this method over the classic Fenton's process is the higher organic compounds
removal rate due to continuous regeneration of the iron (Fe?) at the cathode and the on-site production
of H20, avoiding the risks related to its transport, storage and handling [15].

11.2.2 ELECTROGENERATION OF CHLORINE ACTIVE SPECIES

Chlorine active species (Clz, HCIO and CIO™) are probably the most usual electrochemically produced
oxidants during wastewaters treatment due to the ubiquitous presence of chloride in effluents, and
because of their effective performance. Furthermore, in electro-based processes, NaCl is the most

common electrolyte applied to improve the conductivity of the effluent.

The direct oxidation of chloride ions at the surface of the anode allows the generation of soluble chloring,
as observed in Equation (11.14). Additionally, this species can be rapidly hydrolysed to hypochlorous
acid (HCIO) and chloride ion, after being diffused from anode towards the bulk solution (Equation
(11.15)). At this medium, the HCIO is in equilibrium with CI0~ ion with pK.=7.55 (Equation (I1.16))
[5,11].

2C17 - Cly (aq) + 2€7 (11.14)
Cl; (ag) + H,0 2 HCIO + CI~ + H* (11.15)
HCIO 2 Cl0O~ + H* (11.16)

The pH of the solution is an essential parameter in indirect electrochemical oxidation, since the
electrogeneration of certain oxidising species is dependent on the medium pH [4]. In the case of the
formation of the active chlorine species, until pH 3.0, the main species is Cl; ag), while the predominant
one in the pH range 3-8 is HCIO and for pH > 8 is C10~. It is theoretically expected that the Cl- mediated
oxidation of the pollutants with the active chlorine species is more extended in acidic than in alkaline
media due to the higher standard potentials of Cl @) (E°=1.36 V vs SHE) and HCIO (E°=1.49 V vs SHE)
than CI0~ (E°=0.89 V vs SHE).
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11.2.3 OTHER ELECTROGENERATED SPECIES

In addition, when anodes with high O, overpotential are used, other weaker oxidising agents like
peroxodisulfate (Equation (I1.17)), peroxodicarbonate (Equation (11.18)) and peroxodiphosphate
(Equation (11.19)) are generated by anodic oxidation [11].

2505~ - S,0%™ + 2e” (11.17)
2C03™ - C,0%™ + 2e” (11.18)
2P03~ - P,08™ + 2e” (11.19)

I1.3 PROCESS PERFORMANCE INDICATORS AND ENERGETIC PARAMETERS

Regardless the electrochemical process used for the treatment of wastewaters, its efficiency is assessed

in terms of performance indicators, while the economic viability is set by energetic parameters.

The depuration process of organic compounds is commonly monitored bearing in mind environmental
legislation by following the abatement of chemical oxygen demand (COD) and biochemical oxygen

demand (BODs). From these data, the removal percentages are calculated by generic Equation (11.20).

Xo — X¢

X removal (%) = X 100 (11.20)

0

Where X corresponds to the parameter in analysis, Xo (mg L) and X; (mg L) to the values of the
parameter before the electrolysis and at an electrolysis time t, respectively. The removal of the phenolic
content, in the case of the phenolic mixtures, and the decolourisation efficiency for dyes are also
parameters studied. In the first case, TPh will be expressed as milligrams of gallic acid equivalents
(mgGA L) since the calibration curve is prepared based on the Folin-Ciocalteau method using different
concentrations of this compound to relate the absorbance with the concentration of the phenolic
compounds, while in the second case the parameter is measured at the wavelength of maximum

absorbance (Amax) of the substance determined from UV-vis spectrophotometry.

In the electrocoagulation process, normally, the dissolution of the anode is theoretically calculated based
on Faraday’s law (Equation (11.21)).

1tM,,

Mpetal theoretical (8) = 7 F (1.21)

where | refers to current intensity (A), t to the time of the electrocoagulation process (s), My to the
molecular weight of the metal (g mol™?), z to the electrons transferred per ion and F to the Faraday’s
constant (96485 C mol™?).
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The current efficiency (CE) is also an important parameter and can be determined by different ways for
electrocoagulation (ECG) and electrochemical oxidation (EO) processes. For ECG, it can be calculated
based on the comparison of the experimental weight loss of the anode, which will correspond to the
anode mass dissolved in solution (Ametar experimental), With the theoretical anode consumption (Mmetal
theoretical), &S presented by Equation (11.22). Whereas for EO, the current efficiency is defined as the ratio
of the charge used for the oxidation of each compound to the total charge passed during electrolysis
(Equation (11.23)) [11].

Ametal experimental

CEgcg(%) = x 100 (1.22)

Mpetal theoretical

(COD, — CODY FV

100 (11.23)
8It

CEgo (%) =

where COD, and COD; corresponds to chemical oxygen demands at time t=0 and time t, respectively in
g0, L. I'is the current intensity (A), F is the Faraday’s constant (96485 C mol?), V is the electrolyte

volume (L), 8 is the oxygen equivalent mass (32 gO2 mol? per 4 e7) and t is the electrolysis time (s).

Key specific energetic parameters such as energy consumption per volume of treated effluent, in kWh
m= or per consumed mass of anode, in KWh kgmetar™™ Or per unit mass of organic load removed, in kWh
kgCOD can be obtained through Equation (11.24), Equation (11.25) and Equation (11.26), respectively

E It
EC(kWhm™) = = — (11:24)
E It
EC(kWh kg metal™1) = cell (11.25)
Ametal experimental
Ecep It
EC(kWh kgCOD™1) = ——— 11.26
( & )= Acopv (11.26)

where Ecei corresponds to the average potential difference of the cell (V), I to the current intensity (A),
t to the electrolysis time (h), Ametal experimenta t0 the anode mass dissolved (g), ACOD to the experimental
abatement of COD (gO, L) and V to the solution volume (L).

11.4 REACTOR DESIGN

The electrochemical reactors design lies on the specific needs of the depuration process, involving
economic, technological, safety and environmental issues [3]. In Table I11.1 are summarised the main

characteristics of the posible arrangements.
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Table 11.1. Reactor design features in electrochemical processes.

Mode of operation Batch Continuous
Number of electrode pairs Single Multiple
Electrode geometry Two-dimensional Three-dimensional
Electrode motion Static Moving
Electrode connections Monopolar Bipolar
Interelectrode gap Moderate Capillary
Electrolyte manifolding External Internal

Cell division Undivided Divided

Reactor sealing Open Closed

Adapted from: [3].

Electrochemical reactors may be categorised under their operation mode as batch or continuous. The
reactor design encompasses electrodes configuration which can have two or three dimensions, being
static or dynamic. Three dimensional electrodes have the advantage of a higher value of electrode
surface to cell volume ratio and moving electrodes hint greater values of mass-transport coefficient
caused by turbulence. Nevertheless, two dimensional electrodes are most commonly used because it is
easier to scale them up [3]. In electrochemical cells, monopolar or bipolar electrodes may be connected
in parallel or in a serial mode. Monaopolar electrodes require contact with the power supply and their
two faces are active with the same polarity. On the other hand, bipolar electrodes do not have electrical
connections and are located between two end monopolar electrodes, i.e. the voltage applied between the
outer electrodes by the power supply causes the polarisation of the inner electrodes, acquiring different
polarities in the opposite faces [3,16,17]. The schematic diagram of monopolar and bipolar electrodes

in parallel and in series connections is shown in Figure 11.4.

— +
][
+ -+ -
+- + ] -
+ -+ -
+|- +] -
+18 -+ -

Figure 11.4. (a) Monopolar electrodes in (a) parallel and (b) serial configurations, and bipolar electrodes in a serial configuration.
Adapted from: [16].

In addition, the cells can be divided or undivided. When the cell is divided by a porous diaphragm or an
ion conducting membrane, both the anolyte and catholyte are separated. However, the use of these
apparatuses must be avoided whenever possible, because separators are expensive and may lead to

mechanical and corrosion problems [18-20]. Moreover, in an electrochemical reactor, heat can be
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produced due to the reaction itself (exothermic reaction), being, therefore, important to take into account

changes in heat capacities of reagents and products when the reactor is being designed [2,3].

Figure 11.5 represents a typical batch reactor, which includes a power supply and two monopolar
electrodes. In this scheme, the anode and the cathode are displayed in a parallel connection linked by a
power supply and are submerged in the solution to treat (with or without the addition of electrolyte).
Since electrons are not able to move freely in solutions, a charge has to be passed in the electrochemical
cell to promote redox reactions of the chemical species besides enhancing the movement of ions and
molecules [21]. Normally, the solution is continuously stirred (magnetically or mechanically) in order
to guarantee the homogeneity in the reactor. This kind of reactor is widely used as a first approach to

determine the influencing parameters and their experimental domains.

Current supply

o4+ -0

Anions
L LRI,
Reduction
N M &
Oxidation E Cations
processes
Anode Cathode

Figure 11.5. Conceptual diagram of an electrochemical reactor.
Adapted from: [2].

I1.5 LITERATURE OVERVIEW - OPERATING CONDITIONS

The main goal of an electrochemical system is to achieve the maximum efficiency of the process through
the combination of several variables, such as reactor design, electrode material, current density (intensity
per unit area of the electrode), pH, conductivity, temperature, effluent characteristics and operation time.
In this subsection, the action of these parameters will be discussed based on the literature overview
dedicated to the treatment of olive mill and dye wastewaters by electrocoagulation and electrochemical

processes.

11.5.1 ELECTROCOAGULATION (ECG) PROCESS

In what concerns the studies published in the literature involving the electrocoagulation (ECG) process,

a review is summarised in Table I1.2 for the phenolic compounds and olive mill wastewaters (OMW)
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and in Table 11.3 for dye wastewaters (DW). These tables are presented later at the end of this section in
pages 30 and 31. Some highlights of those researches are now addressed. As observed from the analysis
of the tables for most of the ECG experiments performed with those two types of effluents, the batch
reactor has been used with monopolar electrodes in parallel connection, containing either one or multiple
anode-cathode pairs, varying the number of electrodes between 2 and 16 (OMW - [7,22—-26] and DW —
[16,27—41]. Kobya et al. [7] evaluated the performance of the monopolar and bipolar electrodes in the
two possible connections, in parallel and in a serial mode for DW degradation. The results showed that
the monopolar electrode in parallel connection was the most cost-effective configuration. Sengil and
Ozacar 2009 [32] used a bipolar serial arrangement to decolourise the Reactive Black 5 dye in aqueous
solution. In these batch ECG systems, stirring rate of the solution causes the increase of contact between
the flocs and their agglomeration during the process. Conversely, the intensive stirring can break the

flocs, which means that the speed rate is a parameter that must be optimised [35].

Essadki et al. [42] employed a 20 L external-loop airlift ECG reactor in order to depollute a red dye
from the Moroccan textile industry and validate this innovative application of airlift reactors. The
mixture of the solution and the complete flotation of the pollutants were achieved using only the overall
liquid recirculation induced by H, microbubbles generated by water electrolysis. Experimental outcomes
exhibited that the axial position of the electrodes and the residence time in the separator section were
considered the strategic parameters to attain good mixing conditions, to avoid bubbles/particles
recirculation in the downcomer and to prevent floc break-up/erosion by hydrodynamic shear forces. This
arrangement without mechanical agitation, pumping requirements or air injection allowed to achieve
lower specific energy and electrode consumptions than the conventional gas—liquid contacting devices.
El-Ashtoukhy and Amin [43] presented a new batch self gas stirred electrochemical cell to remove the
Acid Green 50 dye. Naje et al. [44], built a batch-stirred tank with a cylindrical form and inside of it a
rotating shaft was attached to an adjustable speed motor in order to hold the impeller structure and also
to maintain the electrode rotations. The rotating anode consisted of 10 impellers and each one had four
main rods, with 10 rings used as a cathodes. The experimental results indicated that the optimum
conditions for the treatment of the textile wastewater were achieved at current density of 4 mA cm?,
rotational speed of 150 rpm, interelectrode gap of 1 cm, retention time of 10 min, pH of 4.6 and
temperature of 25 °C. The removal efficiencies of COD, TSS and colour were all higher than 96 %, with

an energy consumption of 4.7 kwWh m?,

Phalakornkule et al. [31] and Ardhan et al. [39] attempted to develop continuous flow reactors from the
data gathered with the experiments performed with batch systems to remove Direct Red 23 and Reactive
Blue 21 dyes from an aqueous solutions, respectively. Similar batch configurations were employed to
optimise the design parameters. Different continuous flow reactors were described in both works, in the
former one, the ECG reactor was a 10 L acrylic column with a set of 25 pairs of electrodes made of Fe
with a total area of 5235 cm?. Each electrode had the same configuration as those employed in the batch

experiments, being connected vertically with a gap distance of 0.8 cm. In the second one, the reactor
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was composed by 2 hollow Fe tubes put together in a concentric configuration with an effective electrode
area of 1500 cm?. For these two studies, the application of the set of optimal parameters was successfully
implemented to an up scaled continuous flow reactor with > 90 % of colour removal and energy
consumptions in the order of 0.7-0.9 kWh m. Other experimental setup of continuous ECG cell was
provided by Merzouk et al. [45], in which the reactor consists of a rectangular tank divided into two
compartments. The first compartment has the electrodes and the second compartment was designed to
favour the floc removal by electroflotation. This scheme was performed to enhance the mixing in the
first compartment, using both the liquid flow and H, microbubbles and the position of the outlet tube in

the second section was considered to avoid the presence of solid particles in the effluent stream.

Aluminium (Al) and iron (Fe) are the sacrificial electrode materials usually employed in ECG [5,46].
The popularity of these metals is due to their availability, inexpensive price, non-toxicity, and proven
effectiveness [47]. Occasionally, other metals, such as stainless steel (SS) may also be used [35,37].
When Al is applied as the anode in the process, it occurs its dissolution to the liquid in the form of Al
species (Equation (11.27)) and at the cathode takes place the cathodic reduction of H,O to OH™ ion and
H. (Equantion (11.28)).

Al - AIP* + 3e” (11.27)
- -3 11.28
3H20+ 3e”™ - 30H +EH2 ® (11.28)

The AI** and OH- ions generated at the electrodes surface react in the liquid bulk to form soluble
monomeric species such as AI(OH)?*, AI(OH)Z and AlI(OH); in acidic medium, as well as AI(OH)j in
an alkaline medium. Polymeric species like Al,(OH)3*, Alg(OH)72, Al,(OH)$# can evolve from the
two former cations. All these ions can be converted to the insoluble Al(OH)s, as shown in Equation
(11.29).

At + 3H,0 - Al(OH)3 (5) + 3H™ (11.29)

In the case of Fe anodes, the dissolution of Fe?* is prometed to the liquid (Equation (11.30)), whereas in

the cathode occurs the generation of hydroxyl ions and hydrogen gas by the reduction of water (Equation

(11.31)).
Fe - Fe?* + 2e~ (11.30)
2H,0 + 2™ - 20H" + Hy (4, (11.31)

At pH higher than 5.5, the Fe(OH), precipitates (Equation (11.32)) being in equilibrium with Fe?* up to

pH 9.5 or with monomeric species such as Fe(OH)* or Fe(OH)3 at higher pH values.

Fe?* + 20H™ — Fe(OH); (s) (11.32)
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The Fe?* ion can also be further oxidised to Fe** if the oxidation-reduction potential (ORP) and pH
conditions are suitable (Equation (11.33)). Oxygen has to be present and pH has to be neutral or alkaline

to a reasonable reaction rate be achieved.
4Fe* + 10H,0 + 0y () — 4Fe(OH)3 (5) + 8H* (11.33)

The released H* can be directly reduced to H; gas at the cathode (Equation (11.34)) giving the total
reaction (Equation (11.35)) in the electrolytic cell.

8H* +8e™ — 4H; (g (11.34)
4Fe*t + 10H20 + 02 ® - 4Fe(OH)3 (s) + 4'H2 3 (11.35)

There are several studies discussing the effect of the electrode material, Al or Fe, on the ECG depuration
efficiency of OMW and DW (Table 11.2 and Table 11.3). Satisfactory treatment efficiencies in terms of
COD, TPh and colour were attained by both anode materials, depending on the characteristics of the

effluents and on the operating conditions applied.

In alkaline pH solutions, the best indices are representative of Fe anodes, whereas in neutral and weak
acidic solutions the most effective purification takes place in the presence of Al anodes [22,23,27,38].
This behaviour is in accordance with the amphoteric character of AI(OH); that does not precipitate at
pH < 2, and at pH > 10 its solubility increases, leading to the formation of the soluble AlO3 which is not
useful for wastewater treatment. Normally, the pH of the medium changes during the process. This
variation is influenced by the type of the electrode material and the initial pH. In the case of Al, the final
pH is higher for initial pH < 8, and above this value the final pH is lower. For experiments with Fe
anodes, the final pH is always higher than the initial one and the difference between them diminishes
for initial pH > 8. These results suggest that ECG displays pH buffering capacity, particularly in an
alkaline medium [27].

In most of studies, Fe is superior to Al as sacrificial electrode material, from the point of view of COD
removal efficiency and energy consumption for the depuration of both types of wastewaters (OMW and
DW), while the electrode consumption per kgCOD removed is lower generally with Al [24,27].
Combining these two electrode materials (Al — Fe or Fe — Al) good efficiencies for colour removal may
also be obtained, for OMW and DW [23,34].

However, in removing dark colour of OMW, Al anode was found to be more effective than Fe, since
the effluent treated with the latter sacrificial anode turns yellow first and then brownish. This behaviour
may be due to the excess of Fe?* and Fe®* species generated during the electrolysis and characterised by
their characteristic colour, yellow-brown. This colour may also result from the formation of brown

soluble compounds by the complexing reaction between Fe ions and polyphenol molecules [22,23].
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In the experiments relating the efficiency of the process with SS and Fe anodes in parallel connection,
the former material led to interesting results for treatment of a dye and textile wastewater. For example,
by applying SS electrodes to the system, a textile wastewater was successfully electrocoagulated with
90 % of COD, 91 % of TOC, 90 % of turbidity, and 94 % of TSS removals as well as 2.4 kwWh m™ of

energy and 0.05 kg m of electrode consumptions [37].

The number of electrodes was also found to influence removal efficiencies. Ahlawat et al. [30] stated
that increasing the number of electrodes from 4 to 10, the Cotton Blue dye removal efficiency increased
from 92 to 97 %. The electrodes being in a parallel connection, a higher number of them leads to a
higher dissolution of the metal to the liquid, allowing a higher removal of the pollutant. Beyond the
number of electrodes, the space between them (interelectrode gap distance) is also important, since it
affects the amount of energy which is necessary to be supplied to the system in order to generate an
electric field and induce the movement of ions [48]. When the interelectrode spacing increases, there is
the decrease of the amount of the metal dissolved to the liquid, weakening the interactions between the

pollutant molecules and the flocs, leading to the diminution of the removal efficiency [30,33].

Parsa et al. [35] studied the effect of covering one face of the anodes with a resistant resin on the
depuration of the Acid Brown 14 dye. These covered anodes were located in the electrolysis cell in two
different positions, the active surface of the anodes were turned to the cathode or back to it. It seems
that the colour conversion rate is dependent on the anode surface and its position to cathode. When the
active surface of the anode is turned to the cathode, the solution resistance is lower than in the other case
due to the inferior distance between electrodes. Regarding the energy consumption, this parameter is
lower for both covered anodes rather than uncovered ones. For the back to cathode configuration, it may
be due to a lower generated current in the electrolysis cell, and for the face to the cathode, a lower ECG
time is needed to achieve the total colour removal. Therefore, the covered anode with face to cathode

position can be preferred to others due to low energy consumption and to its higher ECG rate [35].

One of the most crucial variables in the ECG process is the current density (j), because it determines
the coagulant dosage rate, the bubble production rate, the size and growth of the flocs. At high j, the
amount of metal dissolved to the solution increases, resulting in a greater quantity of precipitate to
remove the pollutants. Furthermore, it was demonstrated that bubbles density increases and their size
decreases with increasing j, resulting in a greater upwards flux and a faster removal of contaminants
and sludge flotation. As the j decreases, the time needed to achieve similar efficiencies rises [7,24]. The
current density and the electrolysis time must be optimised to be attained a cost effective operation
[26,29].

In the electrochemical processes, the supporting electrolyte is used to increase the conductivity of the
solution. When the conductivity is increased, the total resistance in the solution decreases, thus the
necessary voltage to reach on optimum current density will diminish, and consequently the consumed

electrical energy will decrease [7]. The most common electrolytes employed to increase the conductivity
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are NaCl, Na,SO4, Na,COs and NaNOs. NaCl plays a significant role to the depuration of wastewaters,
due to the formation of active chlorine yielding higher removal rates compared to the other salts [25].
Moreover, CI- does not present the adverse impact of adding CO32 or SO%~ anions. The presence of
€032 may lead to the precipitation of Ca?* or Mg?* ions, that can form a passivating layer on the surface
of the electrodes. This layer would sharply increase the ohmic resistance of the electrochemical cell and
result in a significant decrease in the current efficiency and treatment conversion [33,35]. Aoudj et al.
[33] also suggests the decline in dye removal in the presence of CO3? is due to competition for
adsorption sites on AlI(OH); of this anion and dye molecules. Khosravi et al. [40] tested four types of
electrolytes (NaCl, KCI, Na;SO4 and KNQO3) on the decoulorisation efficiency of Acid Red 18 dye with
Al electrodes and showed that CO32 had almost similar behaviour as the CI- ions. The removal efficiency

only declined with KNOj3 and this can be own to the variation in the final pH in different electrolytes.

There are some studies in literature about the use of conventional coagulant to aid ECG. For example,
Al®* salts or the PAC, a pre-polymerized AI** chemical are used. PAC encompasses a range of hydrolysis
and polymeric species, being relatively large and carrying a high cationic charge. Its enhanced surface
activity and improved charge neutralising capacity may make it more effective at a comparatively lower
dose than AIP* salts. This substance lowers and stabilises the pH near the optimum value during the
process, being supplied more coagulant to the wastewater. The initial presence of Al in the wastewater,
induced and accelerated the formation of more sweep AI(OH)s flocs which adsorb particulate and
soluble organic matter. The advantages of PAC are the following: rapid aggregation velocity, larger and
heavier flocs, and lower required dosage. PAC was found to significantly enhance the COD removal
rate and efficiency, depending on the amount of the total aluminium supplied, by initial addition and
electrochemical generation and the electrical energy consumption was also lowered with a significant

decrease in the operating cost [7,24,28].

As aforementioned the characteristics of the wastewaters also affect the treatment process that is why,
normally, the first step was to optimise the method by removing individual pollutants from aqueous
solutions, like a specific phenolic acid or dye. Nowadays, some authors are using directly an actual
effluent [7,16,22-28,36-38,44,49] or trying to test the effect of a contaminant dissolved in a real

wastewater matrix [41] or even to mix two or more pollutants in an aqueous solution [34,42,45].
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Table 11.2. ECG studies with phenolic mixtures and olive mill wastewaters: operating conditions and main results.

Electr. mater.

Initial pollutant

Wastewater Reactor design A_C Operation conditions characteristics Main conclusions Ref.
Fresh and BR with 7 electr. in Al - Al 1G=1cm COD0=58-75 g0 L* Al-Al [22]
stored OMW PC(3A+4C) Fe—Fe j=10-120 mA cm™? TPhe=2.4 g L* CODrem=59-81 %
[E]I=NA TPhrem=78-91 %
pHo=2-10 Colourrem=92-96 %
V=0.5L
Stirring=200 rpm Fe - Fe
t=60 min CODrem=60 %
TPhrem=80 %
Colourrem=45 %
oMW BR with 16 electr. Al - Fe 1G=0.3 cm CODo=5 g0, L* Al -Fe [23]
inPC Fe — Al j=10 — 40 mA cm? SSp=0.2gL* CODrem=30-52 %
8A+8C) [E]=NA Colourem=92-97 %
pHo=4-9 SSrem=50-68 %
Stirring=ND
V=ND Fe - Al
t=2-30 min CODrem=35-47 %
Colourrem=90-96 %
SSrem=48-68 %
oMW BR (cathode) witha ~ Al— Al IG=ND COD=45 g0, L* Al-Al [24]
metallic stirrer Fe - Fe j=10-40 mA cm? CODrem=76 %
(anode) [E]I=NA EC=302 kWh m?3
pHo=5.5 (Al) or 6.5 (Fe)
V=0.3L Fe —Fe
Stirring=60 rpm CODrem=56-86 %
t=180 min EC=29-188 kwh m'®
[H20:]=0-2.3 %
[PAC]=0-0.5¢g L*
oMW Semi-pilot scale Fe — Fe 1G=2cm COD=37 g0, L* CODrem=34 % [49]
reactor, divided in j=13 mA cm? TPho monomers=4 g L Colourrem=75 %
four compartments. [E]=NA TPho o-diphois=2 g L TPNrem monomers=92 %
Each compartment pHo=5.2 BODs/COD=0.3 TPhrem o-diphols=48 %
contains 4 plates V=ND BODs/COD=0.6
(2A+20) Stirring=ND
t=120 min
VORW BR with 6 electr. in Al - Al 1G=0.8 cm COD=15gO, L* CODrem=70-99 % 1
PC(3A+3C) j=25-35 mA cm? EC=42-131 kWh kgCOD*
[Na;SO4]=0-71 g L*
pHo=1.4-9
V=03 L
Stirring=ND
t=120 min
[PAC]=0-05¢g L*
oMW BR with 2 electr. in Al - Al 1G=2.8 cm COD¢=20 g0, L* CODrem=42-84 % [25]
PC j=2.5-38 mA cm? TPho=0.3 g L? TPhrem=33-87 %
[NaCl]=0.5-3 g L* Colourrem=55-92 %
pHo=2-10 EC=0.1-4 kWh kgCOD"*
V=0.1L
Stirring=200 rpm
t=15 min°
oMW BR with 2 electr. in Al - Al 1G=5.5¢cm CODg=57 gO, L* CODrem=48-64 % [26]
PC Fe — Fe j=12-58 mA cm? EC=5-6 kWh kgCOD™*
[EI=NA
pH0:4.3
V=0.25L
AG=ND
t=120 min

NA — Parameter not applied to the system.
ND — Parameter not defined in the article.
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Table 11.3. ECG studies with dye wastewaters: operating conditions and main results.

Pollutant/ Reactor design Blectr. mater. Operating conditions Initial pol_lut_ant Main conclusions Ref.
wastewater A-C characteristics
TW BR with 4 Al-Al IG=1.1cm COD=3 g0 L* CODrem=26-77 % [27]
electr. in PC Fe—Fe j=5-20 mA cm? EC=0.6-3 kWh kgCOD™*
QA+2C) Conductivity=1-4 mS cm* ElectrC=0.1-0.35 kgAl kgCOD*
pHo=3-11 ElectrC=0.1-0.65 kgFe kgCOD™*
V=0.25L
Stirring=200 rpm
t=15 or 30 min
W BR with 4 Al-Al IG=1.1cm COD=3 g0 L* CODrem=50-80 % [28]
electr. in PC j=10 mA cm? EC=0.3-3 kWh kgCOD™*
(2A+20C) [E]=NA
pHo=7
V=0.25L
Stirring=200 rpm
t=10 or 30 min?
[PAC]=0-1 g L
[All=0-1gL*
Levafix BR with 4 Al Al 1G=1.1cm [Dye]o=0.1-0.5 g L Colourrem=77-100 % [29]
orange dye electr. in PC j=2.5-25 mA cm? EC=6-199 kWh kgDye™
2A+20C) Conductivity=0.25-4 mS cm™* ElectrC=0.2-5 kgAl kgDye*
pHo=3-11
V=0.25L
Stirring=200 rpm
t=15 or 20 min
W BR with 4 Al - Al 1G=2 cm CODo=2 g0 L* CODrem=20-70 % [16]
electr. 2 A+2 Fe — Fe j=3-6 mA cm?? Turbidity=671 NTU Turbidityrem=0-92 %
C)inPC [EI=NA EC=0.6-0.7 kWh m3
(monopolar) pHo=5-10 ElectrC=0.1-0.6 kg m™
and SC V=0.75L Op.cost=0.2-1.5 $ m3
(monopolar and Stirring=250 rpm
bipolar) t=15 or 25 min
Aniline Blue BRwith4o0r10  Al-Al 1G=0.5-1.3 cm [Dye]o=0.1-1g L* Dyerem=70-98 % [30]
WS dye electr. in PC Appl.voltage=11-20 V ElectrC=0.09-0.14 g Al
(2or5A+2o0r [E]=NA
5C) pHo=3-11
V=15L
Stirring=ND
t=5 or 15 or 30 min
Mixture of Semi-batch Al-Al 1G=2 cm [Dye]o=0.02 g L* CODrem=35-100 % [42]
2-naphthoic airlift reactor j=5.1-51 mA cm? COD=2.5¢0; L* Colourrem=71-100 %
acid and Conductivity=2-28 mS cm'* Turbidityrem=45-95 %
2-naphtol pHo=5-10 EC=5-160 kWh kgDye™
V=14-20 L EC=125 kWh kgCOD™*
Stirring=ND ElectrC=0.5-1.6 kgAl kgDye™*
t=50 min
Mixture of Flow reactor Al - Al 1IG=1cm [Dye]o=0.025-0.20 g L* CODrem>80 % [45]
2-naphthoic with 2 electr. in j=21-63 mA cm? CODp=2.5¢02 L* Colourrem>80 %
acid and PC [NaCIll=0-5¢g L* EC=0-14 kWh kgDye*
2-naphtol pHo=3-9
V=ND
Flow rate=0.4-1.3 L min'!
t=32 min
Directred 23  BR with 10 Al - Al 1G=0.5-1.2 cm [Dye]o=0.1gO, L* Colourrem=100 % [31]
dye electr. in PC Fe — Fe j=1-4 mA cm?? EC=1-2.5 kWh m?
(5A+5C) [E]=NA
pHo=4-10
V=18L
Stirring=ND
T=28-60 °C
t=2, 5, 10 and 15 min
Directred 23 Continuous Fe — Fe 1G=0.8 cm [Dyelo=0.1 g0, L* Colourem=100 %
dye reactor with 50 j=30-40 mA cm? CODo 7w=0.3-0.7g0, L*  EC=0.5-2.5 kWh m?
T™W electr. [E]=NA ElectroC=1-4 gFe
pHo=10 Colourrem Tw=70-90 %
V=ND ECtw=0.2-0.9 kWh m'®
Flow rate=0.02-0.08 L min*
T=28 °C
t=5 and 10 min
Reactive BR with 4 Fe - Fe 1G=2.5¢cm [Dye]o=0.04-0.2 g L* Colourrem=40-100 % [32]
Black 5 dye electr. in SC j=2-9 mA cm?? EC=2-80 kWh kgDye*
2A+20C) [NaCl]=0.2-3 mS cm*
pHo=3-9
V=05L
Stirring=120 rpm
t=10 min
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Table 11.3. ECG studies with dye wastewaters: operating conditions and main results. (cont.)

Pollutant/ Reactor design Electr. mater. Operating conditions Initial pol_lugant Main conclusions Ref.
wastewater A-C characteristics
Directred 81  BR with 2 Al-Al 1G=0.5-5cm [Dye]o=0.025-0.2 g L* Colourrem=20-100 % [33]
dye electr. in PC j=0.1-5 mA cm?
[NaCl] or [NazSO4] or
[NaNOs] or [Na2COs]=2 g L*
pHo=3-11
V=05L
Stirring=200 rpm
t=60 min
Acid Green BR with 2 Al - Al 1IG=1cm [Dye]o=0.1-0.3g L* CODrem=87 % [43]
50 dye electr. in PC j=1-3 mA cm?? Colourrem>70 %
[NaCl]=0.5-2 g L EC=3-13 kWh kgDye!
pHo=2-11 EC=4 kWh kgCOD*
V=3L
AG-gas Hz bubbles
t=21 min
Reactive BR with 10 Al - Al 1G=0.5-1.2 cm [RB140]=0.1g L* Colourrem re140=80-100 % [34]
Blue 140 dye  electr. in PC Fe—Fe j=1-4 mA cm?? [DR1]o=0.1g L* ECre140=0.5-4 kWh m3
(RB140) (5A+5C) Al - Fe [E]I=ND Colourrem br1=95-100 %
Disperse Red pHo=4-10 CODo 7w=0.3-0.7g02 Lt ECpr1=0.1-4 kWh m?
1 dye (DR1) V=18L CODrem rB140+DR1=90 %
T™W Stirring=150 rpm Colourrem Re140+0r1=100 %
T=28-60 °C Colourrem Tw=58-97 %
t=1, 2, 3, 4, 5, 10, and 15 min ECtw=0.4-1.6 kWh m®
Acid Brown BR with 3 Al -SS 1G=1cm [Dye]o=0.03-0.1 g L* CODrem=80-90 % [35]
14 dye electr. in PC j=0.1-1.6 mA cm? Colourrem=10-100 %
(2A+10) [NaCl]=0.25-0.5g L* EC=0.05 kWh m™®
pHo=2-10 CE=91 %
V=0.5L
Stirring=Slow, medium, high
t=25 min
Flow Al -SS 1G=3cm [Dye]o=0.05 g L* CODrem=64 %
discontinous j=0.3 mA cm? Colourrem=80 %
reactor with 2 [NaCI]=0.5g L* EC=0.04 kWh m?
electr. in PC pHo=6.4 CE=85 %
V=9 L
Flow rate=ND
t=198 min
Acid Black BR with 2 Al - Al 1G=1cm [Dye]o=0.2-0.6 g L* Dyeérem AB52 and Av220=46-98 % [36]
52 dye electr. in PC j=1-12 mA cm?? Dyerem Tw>80 %
(AB52) [NaCl=2-8 g L* ECtw=95-6509 kWh m?3
Acid Yellow pHo=2.5-10
220 dye V=0.25L
(AY220) Stirring=200 rpm
TW t=7.5 min
Reactive BR with 2 SS-SS 1G=1cm [Dye]o=0.2-0.6 g L* Dyeérem rosa=10-100 % [37]
Orange 84 electr. in PC Fe —Fe j=7-15 mA cm? CODo 1w=0.9 gO2 L* TOCrem ro8s=30-92 %
dye [NaCl]=ND TOCo w=0.15¢g L* ECRros4=10-60 kWh kgDye™*
T™W pHo=4-9 ElectrCross=0.5-5 kg kgDye™*
V=15L Op.costross=1.4-3.4 $ kg kgDye
Stirring=250 rpm Op.costross=4.7-11.1 $ kg TOC*
t=10, 20, 30, 40 and 50 min CODrem tw=80-90 %
TOCrem Tw=85-91 %
ECtw=2.4 kWh m?
ElectrCtw=0.05-0.28 kg m™
Op.costrw=0.8-1 $ kg COD™*
T™W BR with 4 Al-Al 1G=4.5¢cm CODo=2 g0, L* CODrem=69-82 % [38]
electr. in PC Fe —Fe j=3-10 mA cm’? TOCo=0.5g L? TOCrem=68-77 %
(2A+20C) [E]I=NA Op.cost=2.1-2.4 € m?
pHoZLS
V=4 L
Stirring=250 rpm
t=10-40 min
Reactive BR with 10 Fe - Fe 1G=0.8 cm [Dyelo=0.5¢g L* Dyerem=83-99 % [39]
Blue 21 dye electr. in PC j=1-4 mA cm?? CODrem=38-90 %
(5A+5CQC) [E]=NA EC=0.3-1 kWh m?®
pHo=8.3
V=18L
Stirring=150 rpm
t=2,3,4,5,7,9, 10, 12 and
15 min
CFR with 2 1G=0.75 cm [Dye]o=0.5g L* Dyerem=99 %
electr. in PC j=3 mA cm? CODrem=90 %
[E]=NA EC=0.9 kWh m*
pHo=8.3
V=1000 L

Flow rate=0.10 — 0.75 L min™*
t=2,3,4,5,7,9, 10, 12 and
15 min
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Table 11.3. ECG studies with dye wastewaters: operating conditions and main results. (cont.)

Pollutant/ Reactor design Electr. mater. Operating conditions Initial pol_lu@ant Main conclusions Ref.
wastewater A-C characteristics
Acid Red 18 BR with 2 Al - Al 1G=1-4 cm [Dye]o=0.025-0.4 g L* Dyerem=47-95 % [40]
dye electr. in PC j=3.5-42 mA cm? EC=7-52 kWh m™
[NaCl] or [KCI] or [Na2CO3]
or [KNOs]=1¢g L*
pHo=4-11
V=0.25L
Stirring=ND
t=2-80 min
T™W Batch Al - Al 1G=1-2 cm CODo=1 g0, L* CODrem=91-97 % [44]
4A+10C) j=4-8mAcm? TSSe=3gL* Colourem=90-97 %
[NaCI] or [Na;S04]=0-10 g L TSSrem=93-98 %
pHo=5-10 EC=0.03-6.0 kWh m?3
V=10 L CE=339-349 %
Rotation speed=75-250 rpm
T=25-45°C
t=10-30 min
Acid Black BR with 2 Al Al 1G=2cm [Dye]o=0.05-0.2 g Lt CODrem AB194=80-90 % [41]
194 dye electr. in PC j=0.5-10 mA cm? [TW+Dye]o=0.13 g L* TOCrem Ag194>90 %
(AB194) [NaCl]=3gL* CODo tw+a194=1.5 gO2 L* Colourrem AB194=100 %
pHo=4-8.5 TOCo Tw+ag104=0.6 g L CODrem Tw+AB194=60 %
TW + V=1L TOCem Tw+AB194=85 %
AB194 Stirring=ND Colourrem Tw+2p194=100 %
t=60, 120 and 300 min EC rw+aB194=0.3 KWh kgTOC*

NA — Parameter not applied to the system.
ND — Parameter not defined in the article.

11.5.2 ELECTROCHEMICAL OXIDATION (EO) PROCESS

The application of the electrochemical oxidation (EO) process to the treatment of olive mill and dye
wastewaters has been reported by numerous authors. A summary of some studies performed, the main
operating conditions used and respective key conclusions are presented in Table 11.4 and Table I1.5 for
OMW and DW, respectively in pages 37 and 39.As it can be observed, there are different anode
materials investigated for the depuration of these effluents. The choice of the electrode material is guided
by some properties like: high physical and chemical stability to prevent its erosion and/or corrosion or
even fouling; high electrical conductivity; catalytic activity and selectivity; and low cost/life ratio
wherein less costly and more durable should be preferred [2,4]. In some papers found in specialised
literature, it is indicated that the way in which the electrodes are obtained will influence the efficiency
of the process. Electrodes preparation techniques are like an art, aiming to improve their properties.
Electrocatalytic electrodes are usually composed by metals, noble metals or substrates covered with an
active layer which facilitates the transportation of electrical charge between the base metal and the

electrode/electrolyte interface, turning the electrodes stable and extending their lifetime [8,50,51].

Titanium (Ti) is the mostly used inert substrate in electrochemical oxidation, due to its features: light,
cheap and resistant to corrosion. This material is commonly covered by noble metals (Pt) or oxide-
metals (IrO,, RuO,). The Ti/Pt anode was applied by Vlyssides et al. [52] (Table 11.5) and satisfactory
results were attained for the reduction of the organic load and the effluent colour of a textile dye
wastewater in relatively short treatment times (COD removal=77-90 %, BODs removal=72-89 %;
Decolourisation = 100 %). The colour reduction is very important for this kind of effluent. Differences
in the treatment behaviour of the wastewater from total dyeing and finishing stages (TDFW) and the one

coming only from the dyeing stage (DW) were explained by the different concentrations of the pollutants
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and the quantity of electrolyte used. In the case of olive mill wastewaters a similar pattern is followed.
Belaid et al. [53] and Kotta et al. [54] (Table 11.4) verified the effect of some parameters such as applied
current, initial electrolyte concentration, initial effluent concentration and anode area on COD, phenolic
content and colour removal. These authors reported that although moderate aromatics and colour
removal values could be rapidly accomplished, complete mineralisation would require more tough
conditions. OMW, normally, have solids in their composition. Its presence had practically no effect on
phenols removal, but their oxidation promotes a substantial solid fraction dissolution, increasing the
colour of the samples and the soluble COD, partially inhibiting the EO treatment. The evolution of the
OMW and the disappearance of the polyphenols using this anode material were for the first time
controlled by the cyclic voltammetry and the *C NMR techniques by Belaid et al [55], confirming the
total removal of phenolic compounds and the cleavage of the benzene ring.

Regarding the Ti/lrO,, it is considered an active anode. The stability and activity of this electrode is
based on the adequate j for O, evolution and on the type of molecules to be oxidised. For example, the
phenolic compounds during oxidation may go through oxidative polymerisation, producing polymeric
deposits which can obstruct active sites on the anode leading to its deactivation, being recommended
the use of low values of j. The degradation of these compounds and real olive mill wastewaters occurs
via partial oxidation reaction to intermediates and it seems to follow zero-order kinetics with respect to
lumped organic concentration. Ecotoxicity elimination and low to moderate COD removal values were
achieved to the depuration of OMW, as well as substantial decolourization and phenolic content
removal. These two last parameters may be enhanced by the addition of NaCl, which stimulates the
indirect bulk electrolysis beyond the direct one that already exists [56]. Comparing the previous
electrode with Ti/RuO, anode material [57,58], also for the oxidation of OMW, it was observed that
ruthenium was considerably more active than iridium in terms of COD, TPh, and colour removal.
Despite the inferior activity of Ti/lrO, this material appears to be more stable than Ti/RuO; since, upon
prolonged utilisation of pure ruthenium anodes, corrosion phenomena took place. A way to enhance
ruthenium stability and surpass the previous problem can be through the use of metal oxide alloys.
Ti/TiRuO, [59], Ti/RuOx-TiOx [60], Ti/RuO2-Pt [61] and Sbh.Os-doped Ti/RuOx-ZrOx [62] are
examples of metal alloys using ruthenium with coated titanium substrate. Among these cases, the
electrode stability has been investigated for the last two materials and the activity for longer operation
times only for the Ti/RuO,-Pt anode. Interesting results were attained with these modifications, being

yielded greater oxidising performances and relatively long service life for DW treatments.

The EO of OMW using a Ti anode covered by a thin film of Ta-Pt-Ir alloy led to a complete
decolourisation and phenol degradation for treatment times up to 60 min. Nevertheless, COD removal
never exceeded 40 % even after 240 min of electrolytic treatment [63]. On the other hand, when the
electrodes were composed of the same metals arranged differently, i.e. the metallic base was consisted
of Ti-Ta coated with Pt-Ir, it was attained 71 % of COD removal after 480 min of electrolysis with 30 g

L of NaCl and 16 V, while colour and turbidity were completely removed after short periods of time.
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The simultaneous use of FeCls (20 g L) and NaCl (1 g L) may contribute to the phenomenon of ECG
of the phenolic wastewaters, although 86 % of COD removal efficiency is reached [64]. Along with
these results, it was verified that the ecotoxicity of OMW, using luminescence marine bacteria Vibrio
fischeri and microorganisms Daphnia magna, remained or increased probably because of the formation

of organochlorinated by-products during the treatment.

So far, it has been discussed the application of the active anodes. These electrodes are known not to
have the sufficient O, evolution overpotential to the depuration of pollutants from wastewaters.
Therefore, other materials that have high O, evolution overpotential, and mainly limited to PbO2, SnO,

and diamond, will also be addressed in this literature overview.

PbO, and SnO, materials are relatively cheap and easy to manufacture, but a common drawback of these
electrodes is their poor electrochemical stability [65]. The Ta/PbO; [66], Ti/PbO, [67] anodes achieved
COD removals ranging from 67 % to 100 % (OMW and DW, respectively). Contrary to what was
expected the Ti/Sb,0s-SnO; electrode only attained a maximum COD depletion of 27 % from a dye
contaminant [65]. The performance of these three electrodes was compared to the boron-doped diamond
(BDD) material, being revealed that a higher oxidation rate and a higher current efficiency is
accomplished by it. This behaviour can be explained by the physisorbed *OH radicals electrogenerated
on the surface of the electrodes that can be more (PbO- or Sb,0Os-SnOy) or less (BDD) linked to it [66].
BDD is a promising anode material that can be deposited on Nb, Ti, Ta and Si substrates and that already
have demonstrated good stability [68]. The large scale utilisation of Nb and Ta as substrates is not still
a practical action due to their high acquisition cost. That is why most of the works are performed with
Ti/BDD [65,69] and Si/BDD electrodes [67,70-78].

The BDD thin films deposited on Si substrate have shown interesting results for COD and TOC removals
(> 90 % — 100 %), when applied to the purification of phenolic [70,71,78] and dye wastewaters [67,72—
77,79]. The total or almost complete mineralisation of the contaminants is obtained with high current
efficiencies limited only by mass transport processes [70,71,74]. Bogdanowicz et al. [74] presented the
preparation, characterisation and use of the Si/BDD electrode with different boron doping levels to the
process of EO of the Rubin F-2B dye. The different boron doping levels will influence the quantity of
crystallites with a small diameter and the density of active sites on the surface, as well as the oxidation
rate of the dye. Regardless the electrolyte (NaCl or Na,;SQO4) applied to the system, the highest doped
BDD electrode was more efficient for dye removal than the less doped. Besides this difference is more
pronounced for the experiments with NaCl, suggesting a dependence between the efficiency of oxidants

generation and the doping level of diamond electrode.

This same anode material was studied by Abdessamad et al. [73] as a monopolar or bipolar electrode in
two different cells to treat a solution containing Alizarin Blue Black B dye. The degradation efficiency

with bipolar electrodes was 1.2 times when compared to the monopolar system, and the accumulation
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of large amounts of intermediates was not detected, being achieved a non toxic solution using seed

germination of alfalfa (M. sativa) after the EO treatment.

Even though it has an expensive cost, the Nb/BDD anode has been mainly applied to the treatment of
DW. For example, Zhang et al. [80] investigated the EO of an acrylic fiber manufacturing wastewater,
employing a factorial design methodology to evaluate the statistically importance of some operating
conditions, such as treatment time, flow rate, current intensity and initial COD load on the treatment
efficiency. The experimental results demonstrated the suitability of the Nb/BDD anode for COD
removal and also its superiority when related to a Ti/IrO»-RuO; material (an active anode) either in COD
depuration rate or in energy consumption. Aquino et al. [81] also compared the Nb/BDD with other
electrode, in this case with Ti-Pt/B-PbO., in the absence or presence of chloride ions. Once again the
BDD yielded much higher decolourisation and COD removal rates, at all experimental conditions. The
best results were attained applying a current density of 5 mA cm?, at 55 °C, without NaCl addition. On
the other hand, the colour removal rate increased when NaCl was added to the system, due to the greater
ability of active chlorine to degrade the chromophore group of the dyes present in the effluent. This non-
active anode could be an excellent option for the remediation of textile effluents [82], especially if its
cost is diminished. However, if the final objective is simply to decolourise the textile effluent, the Ti-
Pt/B-PbO, may still be an adequate choice taking into account the cost of BDD anodes and the possible

instability of diamond films in the presence of chloride ions.

Caflizares et al. [71] compared the treatment of an OMW by three different AOPs: EO, ozonation and
Fenton’s process (Table 11.4). The EO with a Si/BDD anode was highly efficient in the complete
mineralisation of wastewater with less energy consumption, while with the ozonation and Fenton’s
processes, a great concentration of intermediates was formed and could not be further oxidised by *OH

radicals.

The literature survey demonstrates that the EO experiments with OMW and DW have been conducted
in electrochemical cells at batch mode with stirring [53,56,58,61,65,66,72,74,76] or recirculation
systems [52,54,55,62-64,67—71,73,75,77,79-82]. The hydrodynamics of the cell plays a fundamental
role in the mass transport towards the electrodes to efficiently oxidise the organics pollutants [83]. The
recircurlation configuration or flow cell is being the most widely applied arrangement to EO treatments.
In this system, parallel plate/cylindrical electrodes are used, and the solution (inlet effluent) may be
stored in a separated thermoregulated reservoir which will circulate through the cell by means of a pump.
The reservoir temperature can be maintained by the use of a cooling jacket [59,84] or a spiral coil
immersed in the liquid and connected to tap water supply to remove the heat liberated from the reaction
[54,63,64]. There are cases where the cooling water jacket system is applied to the electrochemical cell
[52], or even both to the feeding tank and to the cell [57]. In Cafizares et al. [70,71] studies, a heat

exchanger was used to maintain the temperature at the desired set-point. This experimental configuration
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also contains a cyclone for gas-liquid separation, and a gas absorber to collect the CO, contained in the

gases evolved from the reactor into sodium hydroxide.

Belaid et al. [53,55] carried out electrochemical experiments in a cell, which comprises two
compartments separated by a cation-exchange membrane, to treat OMW. The difference between these
two works is based on the way how the mixture of the solution is done. In the first situation a mechanical
stirrer is used and in the second one a pump. All experiments were performed at room temperature, in

order to minimise the energy consumption and no effort was made to thermoregulate the reactor.

Basha et al. [60] evaluated the EO of organic pollutants present in the dye-bath and wash water effluents
from the textile industry in batch-stirred, batch recirculation and recycle reactor configurations. Batch
recirculation provided better pollutant and COD removal results than batch-stirred system, probably due
to the enhancement of ionic conductivity by bulk movement and mass transfer resistances reduction on
the electrode surface. In addition, continuous systems were superior to the batch ones in energy
utilization with comparable COD removal. The recycle reactor was found to be a better configuration,
due to its flexibility operation. On the other hand, a single pass operation did not show relevant COD

removal results among the configurations covered, probably because of the lower residence time.

Table 11.4. EO studies with phenolic mixtures and olive mill wastewaters: operating conditions and main results.

svzlsltuetv?lzger Reactor design ilz(r:]tg. Cm ater. Operating conditions ::EI;:’ZIth):rIiI;EiSt Main conclusions Ref.
oMW FDR with 2 electr. ~ Ti/Ta-Pt-Irand  1G=1-2 cm COD¢=15-6.5¢g0, LY  CODrem=5-35 % [63]
inPC SS Volt appl.=5-9V TPho=0.08-0.3 g L* TPhrem=100 %
[NaCl]=10-40g L* Colourrem=100 %
pHo=5 EC=32-191 kWh kgCOD'*
V=10L
Flow rate=24-37 L min’?
t=120 min
oMwW Modified Ti/Pt 1G=0.5cm COD0=0.8-42 g0 L* CODrem=40-65 % [53]
Grignard reactor, j=25-98 mA cm? TOCo=13gL* TOCrem=25-45 %
two compartments [E]=NA TPho=0.1-6 g L* TPhrem=80-98 %
separated by a pHo=5.2 Colourrem=90-100 %
cation-exchange V=0.3L EC=32-191 kWh kgCOD™*
membrane Stirring=ND
t=300 min
oMW FDR with 2 electr. ~ Si/BDD and SS  1G=0.9 cm COD0=0.7 g0 L* CODrem=100 % [70]
inPC j=30 mA cm? TOCrem=100 %
[NaCI]=0-6 g L or EC=100-300 kWh m™®
[Na2S04]=0-8 g L
pHo=7
V=ND
Flow rate=2.5 L min'
Q=0-25 Ah L*
t=ND
oMW FDR with 2 electr. ~ Ti/TiRuO2 and 1G=0.5cm COD=27 gO, L* CODrem>90 % [59]
in PC SS j=37-62 mA cm? TPhrem=100 %
[NaCl]=1-8 g L* Colourrem=100 %
pHo=5 EC=180-800 kWh m™®
V=ND CE=5-70 %
Flow rate=3 L min‘!
t=900-1950 min
oMW FDR with 2 electr. ~ Si/BDD and SS  1G=0.9 cm COD=3 g0z L* CODrem=100 % [71]
inPC j=30 mA cm? TOCrem=100 %
[EI=NA EC=1200 kWh m™
pHo=6 CE=0-100 %
V=ND
Flow rate=2.5 L min™!
Q=0-80 Ah Lt
t=ND
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Table 11.4. EO studies with phenolic mixtures and olive mill wastewaters: operating conditions and main results. (cont.)

\?/(:sltue tva\llgger Reactor design ilzztg'g' ater. Operating conditions ::EIatlr:\Ic?eorlil:th?t Main conclusions Ref.
oMW FDR with 2 Ti-Ta/Pt-Irand  IG=ND COD0=16-38 g0 L* CODrem=7-86 % [64]
electr. in PC SS Volage appl.=14-24 V Colourrem=98 %

[NaCl]=15-30g L or EC=10-150 kwh kgCOD*
[Na2S04]=20-30 g L or
[Na:SO4]=20 g L +
[FeCls]=1 g L*
pHo=5 and 9
Vwater=10-30 L
Vomw=10-15 L
Flow rate=0.25 L min*
t=300 and 480 min
oMW FDR with 2 Ti/Ptand SS 1G=ND COD=12-47 g0 L* CODrem=0-60 % [54]
electr. in PC j=78-313 mA cm? TPhe=0.2-0.7 g L* TPhrem=30-100 %
Salinity= 1-4% Colourrem=0-100 %
pHo=5 EC=61-514 kWh kgTPh'*
V=10 L
Flow rate=60 L min™
t=180 min
oMW FDR with 8 Ti/RuO2 and 1G=0.8 cm CODg=41gO, L* CODrem=63-99 % [57]
electr. in PC Ti/RuO2 j=25-135 mA cm™? TPhe=0.2 g L* TPhrem=100 %
4A+4C) [NaCl]=58-292 g L! EC=5-27 kWh kgCOD™*
pHo=5
V=0.4 L
Flow rate=0.07-0.47 L
mint
T=7-40 °C
t=480 min
p-Coumaric BR with 2 electr. Ti/lrOzand SS  IG-ND COD=1.3 g0 L CODrem phenolic acias=5-60 % [56]
acid inPC j=50 mA cm? TPhe=0.1g L* TOC em phenolic acias=18-50 %
caffeic acid [HCIO4]=100 g L™ or TPNrem phenolic acids=60-93 %
cinnamic acid [NaCl]=0-1.5g L* CEphenolic acids=1-11 %
phenol pHo=4 CODrem omw=20-60 %
oMW V=0.1L TPhrem omw=10-100 %
Stirring=ND Coloufrem omw=5-100 %
T=60-80 °C EC=72 kWh kgCOD**
Q=6-120 Ah L*!
t=ND
OMW- BR with 2 electr. Ti/RuOz and 1G=ND COD0=0.3-1.2 g0, L* CODrem=7-71 % [58]
inPC SS j=15-30 mA cm? TOCo=0.07-0.60g L* TOCrem=20-67 %
[NaCl]=0-1.2 g L or TPhrem=81-96 %
[Na2S04]=0-2.8 g L or Colourrem>91 %
[FeCls]=0-0.3 g L EC=4-39 kWh kgCOD™!
pHo=4 CE=5-52 %
V=0.1L
Stirring=ND
T=80 °C
t=360-1440 min
oMW Modified Ti/Pt 1G=0.5 cm CODo=65 gO, L* CODrem=40-55 % [55]
Grignard reactor, j=25-35 mA cm? TOCo=25¢gL* TOC/em=40-50 %
2 compartments [E]=NA Colourrem=70-90 %
separated by a pHo=5.2 CE=81-95 %
cation-exchange V=0.5L
membrane Flow rate=0.002 L min*
t=120, 240 and 600 min
Ferulic acid FDR with 2 Si/BDD and 1G=1cm [FA]0=0.1-0.3 gO, L™ FArem=100 % [78]
(FA) electr. in PC SS j=4-30 mA cm? CODrem>90 %
[NazSO4]=7 g L or TOCrem=100 %
[NazS04]=7 g L + EC=9.5-97 kWh kgCOD"*
[NaCl]=1 g L*or CE=81-95%
[Na:SO4]=7 g Lt +
[NaCl]=2 g L*
pH0:278
V=ND
Flow rate=5 L min‘
T=20-50 °C
t=210 min
TOW BR with 2 electr. Ta/PbO2 or IG=ND CODo=6 g0, L* Ta/PbO2 [66]
inPC BDD and SS j=20-100 mA cm?2 CODrem>67 %

[Na2SO4]=14 g L?
pHoZlO.S

V=ND
Stirring=ND
t=360-480 min

EC=5-70 kWh m*®

BDD
CODrem=100 %
EC=5-45 kWh m*3

NA — Parameter not applied to the system.
ND — Parameter not defined in the article.
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operating conditions and main results.

C\?lalslg?/\r/'l;er Reactor design Ezztg'cm ater. Operating conditions (Izﬂg:'ilctp:rlilsttiisnt Main conclusions Ref.
Total dyeing and FDR with 2 Ti/Ptand SS IG=ND CODo1oFw=1.3 gO2 L* CODrem=77-90 % [52]
finishing stages electr. in PC j=ND CODopw=3.3 g0z L* BODs rem=72-89 %
(TDFW) [NaCl]=10-40g L* Colourem=100 %
pHo=5
Wastewater only V=ND
from dyeing stage Flow rate=10 L min*!
(DW) t=18 min
Orange 11 (O. 11) BR with 2 Ti/BDD or IG=ND [O.1]p=1.12gL? Ti/BDD [65]
Reactive Red HE- electr. in PC Ti/Sb20s-SnO2  j=20 mA cm™? [RRHE-3BJ6=0.75g L?  CODremo.1=91%
3B (RRHE-3B) and SS [Na2SO4]=2 g L* CODrem rrHE-38=95 %
pHo=1-12 CEo.1=100 %
V=0.025 L CE rrHe-38=90 %
Flow rate=10 L min*!
T=10-50 °C Ti/Sb20s-SnO2
Q=0-6 Ah L* CODremo. 1=27 %
t=ND CODrem RRHE-38=22 %
Cibacron Yellow BR with 2 Ti/BDD and IG=ND [Dyelo=1.0gL? CODrem=89-96 %
HW200 electr. in PC SS j=10 mA cm? EC=9-18 kWh m?
Cycafiw Yellow [Na:SO4]=2 g Lt CE=51-90 %
FLN250 pHo=5-7
Cycafiw Navy- V=0.025 L
blue F2B Flow rate=10 L min-!
Monozol Black T=30°C
SGRN Q=0-4 Ah L*!
Monozol Blue t=ND
BRF-150
Monozol
RedF3B150
Monozol T-blue
HFG
Monozol Yellow
F3R150
Procion Blue HE-
RD
Reactive Blue R
Reactive Red HE-
B
Samafix Red S-3B
Samafix Yellow S-
3R
Unicion Green
S6B
Unicion Red S-
3BF80
Methyl Red FDR with 2 Ti/PbO2 or 1G=0.5cm [Dyelo=0.1g L* Dyerem TirPp02=100 % [67]
electr. in PC Si/BDD and j=10-40 mA cm? CODrem Tipb02=100 %
SS [NaClO4]=61 g L* ECripbo2=48-204 kWh m®
pHo=3-7 CEripbo2=1-25 %
V=ND CODrem sirepp=100 %
Flow rate=1.7-4.0 L min* ECsigop=30 kWh m3
t=210-780 min CE sigop=1-60 %
Alphazurine Adye  BRwith 2 Si/BDD and Zr  IG=ND [Dye]o=0.50-0.76 g L* CODrem>90 % [72]
electr. in PC j=30-90 mA cm? Colourrem=100 %
[NazSO4]=71 g L* EC=29-141 kWh kgCOD*
pHo=ND CE=5-45 %
V=ND
Stirring=100-400 rpm
T=25-60 °C
t=240-600 min
Acrylic fiber FDR with 2 Nb/BDD or 1G=1cm CODo=0.4-0.7 gO2 L* CODrem NbBpD=39-80 % [80]
manufacturing electr. in PC Ti/lrO2-RuO2 j=6-13 mA cm? ECnweop=79 kWh m'®
wastewater and Nb/Pt [E]I=NA CEnbsop=100 %
(AFMW) pHo=6 CODrem Tifro2-ru02=18 %
V=02 L ECrinoz-ru02=65 kWh m3
Flow rate=0.4-0.6 L min™*
t=60-120 min
TW FDR with 2 Nb/BDD or 1G=ND COD0=0.3 g0 L* CODrem Nb/Bpp=80-100 % [81]
electr. in PC Ti-Ta/B-PbO; jnbeop=5-20 mA cm? Colourrem NbBoDp>90 %

JTi-Tap-pb02=15-45 MA cm2
[Na;SO4]=14 g L™ +
[NaCl]=0-15 g L*

pHo=8

V=04 L

Flow rate=6 L min
Q=0-9 Ah L™

t=ND

ECnbeop=30 kWh m™®
CODrem Ti-Ta/p-P02=20-70 %
Colourrem Ti-Ta/p-pb02=20-70 %
ECri-tap-po02>30 KWh m?
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Table 11.5. EO studies with dye wastewaters: operating conditions and main results. (cont.)

\?/(:sltuetv?/gger Reactor design ilz&tg.g’nater. Operating conditions Lﬂggctp;::;tii:t Main conclusions Ref.
Dye-bath BR with 2 Ti/RuOX-TiOx 1G=ND CODopew=5.8 g0 L CODrem bsw=47-100 % [60]
wastewater (DBW) electr. in PC and SS j=10-50 mA cm? BODopew=0.18 g L* ECosw=8-50 kWh kgCOD*
[E]=NA CEpew=29 — 89 %
pHo=9
V=0.3-05L
Stiring=ND
t=480 min
Dye-bath FDR with 3 1G=1.3cm CODopew=5.8 gO2 L* CODrem bew=80-94 %
wastewater (DBW) electr. in PC j=25-50 mA cm? BODopew=0.18 g L* ECpsw=2-5 kWh kgCOD™!
Wash water (WW) (1A+2C) [E]I=NA CODrem ww=80-91 %
pHo=8-9 ECpsw=84-97 kWh kgCOD™*
V=15L
Flow rate=0.3-1.7 L min™!
t=360 min
1G=1.3cm CODoww=0.56 gO2 L* CODrem ww=53-76 %
Wash water (WW)  FDR with 3 j=50 mA cm2 BODoww=0.03 g L! ECpsw=12-40 kWh kgCOD™*
electr. in PC [E]I=NA
(1A+2C) pHo=8
V=2L
Flow rate=1.3 L min*
t=30 min
T™W FDR with 2 Si/BDD and Ti 1G=1cm COD0=0.65 g0 L* CODrem>90 % [79]
electr. in PC j=20-60 mA cm? Colourrem=50-100 %
[Na;SO4]=0 or 5 g L EC=75-500 kWh m
pHo=10 CE=5-90%
V=1L
Flow rate=3-7 L min
T=25-60 °C
t=240-1380 min
Alizarin Blue FDR with 2 Si/BDD and 1G=0.1 (Cell 2) or 0.3 [Dye]o= 0.0024 g L*cm?  CODrem ceil 1=65 % [73]
Black B electr. in PC SS (Cell 1) cm Colourrem cen1=88-94 %
(Cell 1) j=20-80 mA cm? CEcen1=0-38 %
[Na2S04]=14 g Lt CODrem cetl 2=100 %
FDR with 3 pHo=2-8 Colourrem cenn 2=77-100 %
compartments V=ND ECcell 2=83 kWh kgCOD*
and 4 electr. Flow rate=ND CEcei 2=10-100 %
(2 bipolar t=180 min
Si/BDD and 2
monopolar
Si/BDD)
(Cell 2)
Rubin F-2B dye BR with 2 Si/BDD: or 1G=1cm [Dye]o=0.02 g L* Colourrem sigop 2=31-75 % [74]
electr. in PC Si/BDDyoand j=2.5 0r 5 mA cm? Colourrem sirgop 10=36-95 %
SS [Na2S04]=7 g L or
[NaCl]=7 g L*
pH0:6
V=0.1L
Stirring=ND
Q=0-0.6 Ah L
t=ND
Malachite green FDR with 2 Si/BDD and 1G=0.3 cm [Dye]o=0.02 g L* Dyerem=100 % [75]
oxalate electr. in PC SS j=16-48 mA cm? CODrem=40-90 %
[NaNO3]=8 g L™* or Colourrem=100 %
[NaCl]=6 g L™ or EC=7.5-25 kWh m™
[Na2SO4]=14 g Lt CE=2.5-60 %
pHo=3-7
V=1L
Flow rate=1.8-2.6 L min™!
t=180 min
Novacron Yellow BR with 2 BDD or Ti/Pt IG=ND [Dye]o=0.2-0.6 g L* TOCremBop=71-90 % [76]
C-RG electr. in PC and Ti j=10-50 mA cm? Colourrem 8op=90-100 %
[NazSO4]=36 g L* + ECgpp=0.95-45 kWh m?
[NaCl]=0-2.3 g L* TOCrem Titrt=17-34 %
pHo=ND Colourrem Tipt=90-100 %
V=0.35L ECrip=1.6-35 kWh m?3
Stirring=400 rpm
t=30-540 min
Acid Orange 7 BR with 2 TiRUO2-Pt iG=1cm [Dyejo=0.03-0.10 g L Dyerem=10-100 % [61]
electr. in PC and SS j=10-30 mA cm? TOCrem=80 %

[Na2S04]=0.7-7 g L™ or
[NaCl]=0.06-0.58 g L
pHo=2.1-11

V=ND

AG=ND

t=90-450 min

ECepo=71-89 kWh kgDye*
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Table 11.5. EO studies with dye wastewaters: operating conditions and main results. (cont.)

\lfjv(;lsltuet\ilgger Reactor design il:ﬁtg.gater. Operating conditions Icﬂlatgc?gil:t}igt Main conclusions Ref.
Rhodamine B FDR with 2 Si/BDD and 1G=0.9 cm [Dyelo=0.1g L* TOCrem=100 % [77]
electr. in PC SS j=15-120 mA cm?
[Na2SO4] or [HCIO4] or
[H3PO4] or [NaCl]=1g L™
pHo=ND
V=1L
Flow rate=0.4 L min'
Q=0-150 Ah L*
t=ND
Indigo carmine FDR with 2 Sh20s-doped IG=ND [Dye]o=0.3g L* Dyerem=90-100 % [62]
electr. in PC Ti/RuOx-ZrOx j=5-20 mA cm? CODrem=20-90 %
[NaCl]=3 g L EC=38-79 kWh m
pHo=ND
V=ND
Flow rate=1-5 L min‘*
t=60-480 min
Acid Red 211 FDR with 2 Nb/BDD and 1G=0.5 cm [Dyelo=0.1g L TOCrem Hei04=32-47 % [82]
electr. in PC SS j=4-16 mA cm? EChcios=2.1-12.1 kWh m®
[HCIO4=10 g L or CEnci04=10-40 %
[H2S04]=10 g L™ or TOCrem H2s04=31-53 %
[Na2S04]=7 g L* EChz2s04=2.2-11.1 KWh m™®
pHo=ND CEn2s04=10-40 %
V=0.5L TOCrem Nazs04=43-70 %
Flow rate=0.2 L min*! ECnazs04=2.0-13.1 kWh m™
t=60 min CEna2s04=5-40 %
Reactive Black 5 BR with 2 Ti/BDD IG=ND [Dye]o=0.05 g L* Dyerem=30-100 % [69]
electr. in PC j=10-100 mA c¢m? TOCem=2-100 %
[K2S04]=17 g L™ or Colourrem=100 %
pHo=2.5 CE=25-225%
V=0.43 L

Stirring=250 rpm
t=120 and 480 min

NA — Parameter not applied to the system.
ND — Parameter not defined in the article.

I1.6 CONCLUSIONS

The electrocoagulation (ECG) and electrochemical oxidation (EO) processes seem to be adequate
solutions to treat OMW and DW. Even if some operating conditions do not lead to the results needed to
comply with the legislation with respect to direct discharge in a determined receptor medium, these pre-
treated effluents are generally already in position to move to biological depuration, since the non-
biodegradable and toxic compounds can be partially degraded in those technologies. For this reason,
seeking for the best way to improve treatment efficiency regarding both mineralisation and

biodegradability enhancement is a matter of particular industrial and academic concern.

As aforementioned, several works have been published in the ECG field for the depuration of olive mill
wastewaters (OMW) and dye wastewaters (DW) using mainly Al and Fe electrodes. However, literature
is still scarce in what regards this process using other sacrificial anodes to depurate complex synthetic
mixtures and real wastewaters. In the case of the EO, different less costly anodes should be tested in
order to avoid the dependence on the expensive BDD electrodes. The study of other reactor
configurations able to improve efficiency while reducing the energy consumtpion is also missing for

both electrochemical processes.

Definitely, it is very challenging to predict the success of an electrode material or to define its lifetime
without extended studies under realistic process conditions. In this ambit, in the present thesis,

preliminary ECG and EO batch experiments were mainly undertaken with simulated effluents (phenolic
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or dyeing solutions) aiming to screen new suitable anode materials to depurate the contaminants. The
influence of the key operating parameters was investigated in what concerns the process performance at
different levels as follows: total phenol content (TPh), colour, chemical oxygen demand (COD),
biochemical oxygen demand (BODs) and high performance liquid chromatography (HPLC). The toxic
effect of the treated effluents is also an important concern since the initial contaminant degradation by-
products may present higher impact. Thus, traditional acute toxicity bioassays based on Vibrio fischeri
luminescence were applied. However, to infer about human health impact innovative methodologies
were addressed based on neuronal studies by determining the formation of neuronal reactive oxygen
species (ROS) due to the contact with both raw and treated effluents. Furthermore, two reactor
configurations were also explored, batch-stirred and flow discontinuous reactors. This last arrangement
was tested using one cell or two cells in series. In a final stage, real wastewaters (olive mill and dye)

were treated by these two electrochemical technologies.

The selection of the best depuration approach for each effluent had into account not only the amount of
organic compounds reduced, but also the biodegradability and toxicity achieved, attempting to reach a
cost-effective method that probably go through the integration of the electrochemical techniques with

the biological ones.
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ABSTRACT

Phenolic compounds constitute an important source of pollution causing severe environmental threats
in countries that produce olive oil. The efficiency of five metal anodes (Al, Cu, Fe, Pb and Zn) was
tested in an electrocoagulation system, in order to purify a phenolic-simulated effluent. Among them,
Zn anode was found to be promising, because 86 % of the total phenolic content and 49 % of chemical
oxygen demand was removed after 180 min of treatment within the operational conditions used (pH=3.0,
current intensity=0.4 A, [NaCl]=1.5 g L, intergap distance=1.0 cm, effective anodic area=33.5 cm?).
The biodegradability of the mixture was assessed by measuring the ratio BODs/COD before and after
each treatment, as well as the ecological impact through Vibrio fischeri bacteria. The electrical energy
consumption varied between 8—14 kWh m=. The results also point out that during the treatment process,
beyond the electrocoagulation route, the electrooxidation of organic compounds is also expected to

occur.
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I11.1 INTRODUCTION

Olive mill wastewaters (OMW) are mainly produced in Mediterranean countries and contain phenolic
mixtures in their composition. These compounds incorporate a significant contaminant load due to their
high toxicity, refractory character, and high stability in water. These factors do not allow an efficient
application of biological treatments so that the recourse for chemical purification methods is requested
before the effluents’ discharge into the aquatic environment [1]. Electrochemical processes appear as
interesting alternatives to conventional systems to treat wastewaters, allowing a great efficacy in the
removal of organic compounds. Among these technologies is electrocoagulation (ECG), an easy system
to operate, requiring low equipment costs, not needing high temperature and pressure such as
incineration and supercritical oxidation systems [2—4]. In the ECG system, sacrificial anodes dissolve
into the aquatic medium leading to the generation of metal ions which are hydrolysed to produce metal
hydroxide ions. The solubility of the complexes formed is dependent on pH and ionic strength. The
cationic metallic species are responsible for particles destabilisation (charge neutralisation), leading to
the formation of flocs particles, which will have the power to precipitate or enmesh (sweep coagulation)
dissolved contaminants. The in situ generation of coagulants has the advantage of reducing the quantity

of chemical reagents introduced to the system, or even avoiding the addition of those substances [3,5—7].

The ECG process has begun to be successfully applied to the treatment of olive mill wastewaters with
the aid of anodes of aluminium or iron material. Through the common use of these material electrodes,
two mechanisms (acid and alkaline conditions) have been suggested for the production of metal
hydroxide for each anode (Equations (111.1)—(111.6)) [2,3,5—10].

Al anode:
Al - AIP* + 3e” (1.1)
In solution:
with alkaline conditions
A3t 4+ 30H™ - AI(OH); (11.2)
with acidic conditions
A3t + 3H,0 - Al(OH); + 3H* (111.3)
Fe anode:
Fe —» Fe?* + 2e~ (111.4)
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In solution:

with alkaline conditions
Fe?* 4+ 20H™ - Fe(OH), (111.5)

with acidic conditions
4Fe?* + 0, + 2H,0 — 4Fe3* + 40H" (111.6)

At the cathode occurs the production of hydrogen gas which allows the formed flocks to float (Equation
(11.7), Al material and Equation (111.8), Fe material) [2,3,5].

3
3H,0 +3e” — - H, + 30H" (111.7)

2H,0 + 2e™ - H, + OH™ (111.8)

The performed experiments revealed that the ECG usage is a viable solution that could be combined
with biologic processes to achieve a high quality effluent and become a cost-effective pretreatment. In

addition, ECG is a faster and more effective process when compared to biological methods alone [2,5].

The removal capacity of the ECG systems ranges between 59—76 % for COD, 70—91 % for polyphenols,
and 70—95 % for dark colour, after 20—45 min. The specific energy consumption (SEC) was found to
be around 2-3 kWh kg COD™* removed [2,3,5-9]. Additionally, if the OMW is treated without adjusting
its initial pH, the final pH may be almost neutral which allows it to be directly treated by biological
methods [2,5,7]. The main parameters evaluated and taken into consideration in the ECG process are
the pH, type, and concentration of the pollutant, and kind and concentration of the electrolyte, as well
as current density. This last parameter regulates the coagulant dosage rate, the bubble production rate

and size, flock stability, and agglomerate size [2—5].

Un et al.[3] studied the effect of the introduction and concentration of a coagulant-aid (polyalminum
chloride, PAC) as well as the application of Na,SOs as supporting electrolyte. The addition of the PAC
had the objective of achieving particle instability, rapid aggregation velocity, and growth in the particle
size (larger and heavier flocks). When Na,SO,4 was used, more coagulant was delivered to the medium.
The increasing concentration of these two substances led to the improvement of COD removal efficiency
and consequently the decrease of the energy consumption. Un et al. [9] tested the application of different
concentrations of H.O, and PAC and verified that the ECG without the oxidant and coagulant-aid is not
too efficient to the treatment of OMW. The best results were achieved using 2.3 % H,O, and 0.5 g L*
PAC.

Garcia—Garcia et al. [6] examined different electrode materials position [Al(+)/Fe(—), Al(-)/Fe(+),
Al(+)/Al(-), or Fe(+)/Fe(—)] and operational conditions. The electrode set Al(—)/Fe(+) with an intergap

distance of 0.6 cm and a current density of 250 A m led to the greatest depuration rate. Coskun et al.
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[7] identified a cost-effective operation for the ECG process, pointing out that parameters such as current

density and contact time must be optimised.

The ECG process used in the previous works is considered a primary method, since the organic content
of the resulting effluent is not low enough to meet discharge standards for receiving bodies. Therefore,
a synergetic combination of ECG and electrooxidation (EO) has been tried by Linares-Hernandez et al.
[10], where the ECG quickly removed colloidal and suspended particles, as well as many charged
species after 30—45 min. Then, EO oxidised the remaining organics, because it is very effective in
eliminating stable organic compounds as reflected in a higher removal of COD and BODs. EO alone
requires at least 21 h to achieve optimal removal values, which is not feasible on a practical level. The
integration of these two processes can eliminate the COD, BODs, colour, and turbidity parameters within

a practicable time of 120 min.

The main objective of this research was to compare the effect of Al, Fe, Cu, Pb, and Zn anode materials
on the treatment of a mixture of six phenolic acids usually present in olive mill wastewaters. To the best
of our knowledge, this is the first time that a comparison of these electrodes is reported in literature to
the depuration of this kind of wastewater. The assessment of their activity is given in terms of total
phenolic content (TPh), chemical oxygen demand (COD) and biochemical oxygen demand (BODs)
removal as well as effluent toxicity parameters. Furthermore, the dissolution of electrodes into the

aquatic medium and the process electrical energy consumption will also be discussed.

111.2 EXPERIMENTAL SECTION

111.2.1 WASTEWATER PREPARATION AND ECG PROCEDURE

The synthetic effluent encompasses 100 mg L of each one of the following phenolic acids to simulate
real olive mill wastewaters: 3,4,5-trimethoxybenzoic, 4-hydroxybenzoic, gallic, protocatechuic, trans-
cinnamic, and veratric acids. No further purification was applied to them before use. The conductivity
of the mother-solution was evaluated using a Consort C863 measurer, and 1.5 g of NaCl was added in
order to promote a higher conductivity to the solution (3.0 mS cm™). The electrochemical oxidation
process was performed in a Perspex batch stirred reactor (Figure I11.1) at 300 rpm, under controlled
temperature (20 °C), and at atmospheric pressure, during 180 min. In each experiment, the reactor was
filled with 1000 mL of the model solution and the flat anode and cathode were placed parallel with a
distance of 10 mm, linked to a DC power supply HY3010 Kaise (1=0.4 A) [11,12]. Al, Cu, Fe, Pb, and
Zn anodes, as well as a stainless steel cathode were used with an effective area of 33.5 cm? (6.4 cm x
2.5 cm x 0.1 cm). Samples were periodically withdrawn and immediately filtered for further analysis.
The pH was measured using a HANNA pH meter and adjusted using NaOH at 3 M or H,SO, at 2 M

whenever necessary.
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Figure I11.1. EGC experimental setup. (1-Reactor of perspex, 2-Floater, 3-Electrodes, 4-Magnetic bar stirrer, 5-Double wall for water
recirculation).

111.2.2 ANALYTICAL TECHNIQUES.

Total phenol content (TPh) was measured in terms of gallic acid (GA) by the Folin—Ciocalteau method,
which is described elsewhere [13]. COD and BODs were determined according to the Standard Methods
[14]. COD was analysed with the closed reflux procedure using potassium dichromate as oxidant, and
BODs was obtained by the difference between the dissolved oxygen before and after a microorganism
population from garden soil being in contact with the pollutants samples during 5 days. The toxicity of
the effluent was assessed through the LUMIStox equipment (Dr. Lange, Germany) according to the
standard method DIN/EN/ISO 11348-2, which is based on light inhibition of the Vibrio fischeri bacteria.
The ecotoxicity levels were expressed as EC values which represent the concentration of a sample that
inhibits 20 % (EC2) and 50 % (ECso) of bacteria light emission.

Some experiments were randomly run in duplicate or triplicate and the samples withdrawn were
analysed in duplicate in order to minimise the experimental error. The deviations between runs were
always lower than 10 %, 8 %, 20 %, and 2 % for TPh, COD, BODs, and toxicity determinations,

respectively.

IT11.3 RESULTS AND DISCUSSION

The synthetic effluent which tends to simulate the real olive mill wastewaters encompasses a high

organic charge and has an acidic character (pH 3), as depicted in Table I11.1.
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Table I11.1. Main characteristics of the synthetic effluent.

Characteristics Values
TPh (mgGAJ/L) 365+13
COD (mgO2 L-1) 1065+20
BOD5 (mgO2 L-1) 353+20
BOD5/COD 0.33
EC20 (%) 10+2
EC50 (%) 35+2

pH 3.0

According to Portuguese environmental laws (Decree Law N° 236/98, 1 of August), an effluent should
not have COD and BOD:s values higher than 150 and 40 mgO; L, respectively. Normally, a wastewater
is considered as totally biodegradable when the BODs/COD ratio is higher than 0.4 [15]. This model
solution shows a ratio of 0.3, which is closer to that limit. However, OMW presents a seasonal character
with flow and composition varying during the year which would demand for constant biomass
acclimation. The toxicity of the effluent was evaluated by testing the inhibition of luminescent bacteria,
enabling the estimation of the EC, and ECso values. The model solution displayed a high toxicity as a
dilution involving only 10 % and 36 % of the pollutants sample led to 20 % and 50 % of the Vibrio
Fischeri’s population light production decay respectively, demonstrating its high negative impact over
life forms. Therefore, to treat this solution, five different kinds of metals (Al, Cu, Fe, Pb and Zn) were

used as anodes in the ECG process.

111.3.1 TOTAL PHENOLIC CONTENT

Wastewaters containing high phenolic content have low biodegradability, justifying the assessment of
the TPh removal parameter over time (Figure 111.2) by the Folin-Ciocalteau method.
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Figure 111.2. TPh removal over time (1=0.4 A, Electrode area=33.5 cm?, Intergap=10 mm, [NaCl]=15g L™).
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As can be observed there was a quick phenolic depletion in the first 15 min for the experiments with

Cu, Fe and Pb anodes, stabilising thereafter. In the case of the Al and the Zn anode, such stabilisation

was achieved after 30 min. This latter achievement could be due to the capacity of the aluminium to

create stable oxide films around the anode. Moreover, zinc material has a low corrosion rate and a good

resistance to corrosion what will take more time to allow the dissolution of metals to the liquid [16]. At

the end of 180 min of reaction, the Zn anode removed 86 % of TPh, followed by Pb (80 %), Al (76 %)
and Fe (72 %) = Cu (72 %).

111.3.2 CHEMICAL OXYGEN DEMAND

COD removal along the depuration time is displayed in Figure 111.3. The degradation rates for this

parameter were not so marked as those for the TPh removal.
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Figure 111.3. COD removal over time (1=0.4 A, Electrode area=33.5 cm?, Intergap=10 mm, [NaCIl]=1.5g LY.

These COD depletion results suggest that there might be the formation of by-products contributing to
the still significant final COD values. Table I11.2 supports what was aforementioned once, although a
relatively high TPh removal (72-86 %) could be achieved after 180 min of reaction, only a maximum
of 49 % of COD was abated within this time. If just the phenomenon of ECG occurred the COD removal
should be similar to the depletion of the initial-phenolic compounds, since this process is based on the

precipitation and/or adsorption of pollutants.
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Table 111.2. TPh and COD removal with electrocoagulation after 180 min of reaction for each anode material (1=0.4 A,
Electrode area=33.5 cm?, Intergap=10 mm, [NaCl]=1.5g L1).

Experiment TPh Removal COD removal
(Metal) (%) (%)
Al 76.2 24.4
Cu 71.6 12.0
Fe 72.3 40.8
Pb 80.1 23.7
Zn 86.3 48.8

In ECG, NaCl, besides working as electrolyte, may be involved in chemical reactions such as the
oxidation of the CI~ (Equation (I11.9)) [2,17,18].

2CI~ + 2e™ = Cl, (111.9)

For pHs higher than 3—-4, the chlorine produced may suffer a dismutation reaction (Equation (111.10)—
(11.12)) [2,18].

Cl, + H,0 - HOCl + H* + CI~ (111.10)

HOCI - ClO~ + H* (1n.11)

The hypochlorous acid (HOCI) and hypochlorite ion (CIO™) can decompose organic matter because of
their high oxidative potentials, leading to complete mineralisation of pollutants, or as in this particular
case the formation of intermediary compounds [18].

The highest COD depletion obtained, after 180 min of reaction, was about 49 % with the Zn anode,
which was closely followed by the Fe electrode with a final value of around 41 %. Lower COD
degradations were attained for Pb (24 %) and Cu anodes (12 %). During the Al and Cu anode
experiments, a maximum efficacy of the COD removal value was achieved after 45 min of reaction,
with 39 % and 19 %, respectively. These values decreased until the end of the reaction time to 24 % and
12 %. This reduction could be possible due to the depletion of chlorine in-situ generation in the reactor
and thus the availability of the hypochlorite to oxidise organic compounds [18]. On other hand, the COD
removal results may also be sustained by the pH of the medium, since the formation of the metal
hydroxide depends on this parameter and the kind of the metal that it is used. Figure 111.4 shows the

changes in the pH medium during the reaction time.
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Figure 111.4. pH medium followed over time (1=0.4 A, Electrode area=33.5 cm?, Intergap=10 mm, [NaCl]=1.5g L™?).

As it can be observed, pH increased for all studied anode materials, as a consequence of the generation
of the hydroxyl anions from the water reduction at the surface of the cathode. Different profiles for the
pH mixture were obtained due to the diverse anodic and cathodic reactions that take place in the reactor
for each anode analysed. During the wastewater treatment with the Zn anode, the pH medium increased
from 3.0 to around 7.0, after 15 min of operation. The reactions when zinc is used as anode are presented
in Equations (111.12)—(111.14) [19].

At the anode Zn —> Zn?* + 2e” (.12
At the cathode 2H,0 + 2e~ - H, + 20H™ (111.13)
In the solution Zn?* + 20H~ - Zn(OH), (11.14)

Thermodynamically and according to the Zn-H.O Pourbaix diagram provided by Pourbaix [19], the
precipitation of zinc hydroxide would only be substantial at pH > 8.6 [20]. Nevertheless, the interfacial
pH-increase during the ECG process favoured the Zn(OH), formation resulting in higher removal
efficiency at pH 7 [19]. This diagram provides thermodynamic information that occurs on the surface
of the metals in a given environment under specific conditions of pH and potential in equilibrium

becoming fundamental the knowledge of the characteristics of the electrolyte.

The experiment with the Al anode had its best removal value (39 %) after 45 min of treatment and the
medium pH was 5.1. pH and temperature directly contribute to the type of hydrolysed Al species found
in solution. At 25 °C and in high acidic solutions (pH = 3), the monomeric Al predominates and there is
the possibility that the aluminium electrode may be covered by a layer of AI(OH)3[3,22]. Khemis et al.
[23] stated that this substance is amphoteric, slightly soluble between pH 6-7 and its predominance
occurs at the pH near 6.5. In the present work when pH is very acidic the COD removal is not perceived,
then it increased to 39 % and after pH 6 is reached, the removal efficacy decreased suggesting that the
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precipitated hydroxide metal may tend to dissolve in liquid affecting adversely the performance of the
process. Generally, this fact takes place as the medium turns extremely acidic or alkaline as observed
by Inan et al. [8] and Un et al. [9].

In the Al and Zn experiments, after 5 min of oxidation, the colour of the effluent began to turn cloudy
and 10 min later, a white layer of foam (the respective metal hydroxides) appeared at the water surface.
This situation may be due to an electroflotation process, in which bubbles can be formed by the release
of gases produced at the cathode (H-) or at the anode (O, and Cl;) that will promote solids suspension
[24].

For Cu experiments, the pH medium arose over time to pH = 12. It seems that the release of Cu?* to the
liquid occurred until pH 7; after this point the Cu(OH), was the predominant substance (pH 8-10) which
corresponds to the pH of the highest COD removal, at 45 min of reaction. After this time, the pH
continues to increase, but on the other hand the COD removal decreases which suggests that at high pHs
it is possible to occur the dissolution of some metal species (HCuO3 and Cu03~) to the liquid, revealing
that these chemical species are not being favourable to the removal of organic compounds [20]. Another
explanation to the COD abatement can be due to the formation of a green layer on the surface of the
anode that may promote a greater resistance to the passage of electric current and thus making it difficult
the dissolution of metal ions into the bulk medium, decreasing the degradation of organic compounds.
Comparing the Cu anode to the others, this experiment was the only one where the potential between
the electrodes greatly increased, reaching the maximum value of the equipment for the same current
supply (I=0.4 A), meaning that the resistance to the current flow was very high. In accordance to the
previous anode materials, the pH medium also increased over time with Pb. Lead in acidic solutions and
atmospheric pressure is apt to decompose water through hydrogen evolution. This reaction is very slow
due to the large hydrogen overpotential of lead. In these conditions, metallic lead is dissolved by acidic
medium and Pb?" ions are formed. These ions when linked to with the OH™ ions from water
decomposition generate insoluble Pb(OH).. According to literature [21], the minimum solubility of this
hydroxide is within pH 10.3-11.2. As can be seen in Figure 111.3, the highest COD removal was obtained
after 10 min of treatment with 21 %, remaining almost constant thereafter. Contrary to what was
expected, through Figure 111.4, it is possible to realise that at that time pH was only 5.7. This may be
supported by the presence of other species in solution that promote a higher pollutants removal with

lower pHs [20, 21]. The reactions for Pb system are presented in Equations (I11.15) — (111.17).

At the anode Pb — Pb?* + 2e~ (111.15)
At the cathode 2H,0 + 2e~ » H, + 20H™ (111.16)
In the solution Pb%* + 2H,0 - Pb(OH), + 2H* (111.17)
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Regarding the Fe experiment, after 10 min of treatment, 21 % of COD was removed at pH 4.8 which is
in agreement with the value obtained by Inan et al. [8] when a pH medium of 4.6 was used with this
anode material. These authors refer that under this pH the formation of Fe(OH): is relatively low giving
poorer COD removals. In the present work, during the process the formation of foam at the surface of
the solution near the cathode (due to H, production) was observed and the colour of the solution turned
to a green-black colour. This last phenomena may be due to the decomposition of a dark deposit (iron
oxide) formed on the surface of the cathode, which leads to the production of green-black flocs
(Fe(OH),). At the end of the process, there was the settling down of the iron oxide and the final COD
decrease was 41 %.

111.3.3 ELECTRODES DISSOLUTION

Metals content in the effluent plays an important role since their concentration and pH define possible
chemical species present in the aqueous solution. The Faradays’s law (Equation (111.18)) makes possible

to calculate the maximum amount of metals electrochemically produced [4,25].

1tM,,

Mpetal theoretical (8) = 7 F (111.18)

where | is the applied current (A), t is the treatment time (s), My is the molar mass of the electrode
material (Mw a=26.98 g mol?, My, c,=63.55 g mol™, My re=55.85 g mol, My, »=207.20 g mol* and My,
2n=65.38 g mol?), z is the valency of ions of the electrode material (za=3, Zcy=2, Zre=2, Zpp=3 and zzn=2),
and F is Faraday’s constant (96485 C mol™).

Theoretically, according to Faraday’s law, the following values were obtained for metals dissolution:
Al-0.4 g, Cu-1.4 g, Fe-1.3 g, Pb—4.6 g and Zn-1.5 g. Indeed, our experimental results confirm these
values (Table 111.3), with a greater difference for Al, where the theoretical amount of anodic dissolution
was 68 % higher than for the real ECG application. This phenomenon is thought to be attributed to
pitting corrosion, especially in the presence of chlorine ions [25]. The dissolution rate affects the life of
the electrodes and the effective electrode consumption may be reduced or increased from this theoretical

value depending on the wastewater characteristics and operational conditions [6].

The ions concentration in solution was determined in the final sample of each experiment by atomic
absorption and these values were afterwards compared to the legal limits of discharge into aquatic
medium (Table 111.3). Among the experiments performed, just the concentration of the Al ion was below
the reference values. The Cu and Zn ions detected after the treatment were 3 times above the established
legal limit. In addition, there was a relatively high release of metal ions from the other metals proposed
as anodes (Fe and Pb ions). For those materials, concentrations 14 and 79 times higher than the legal
limit were detected. In order to prevent a second source of pollution, due to the dissolution of hazardous
metal ions, an integration of technologies to recover and remove these substances is suggested to be
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accomplished before the depurated effluent is discharged into aquatic environment. As can be observed

the removal of the metal ions from the system was by solid form, solid precipitation or foam formed.

Table 111.3. Theoretical and experimental values of anode materials dissolution, as well as leaching results for each
metal after 180 min and their correspondent legal limit of discharge into aquatic environment. (1=0.4 A, Electrode
area=33.5 cm?, Intergap=10 mm, [NaCl]=1.5g L™).

-1 -1

Experiment Theoretical dissolution Experimental mg of metal L mg of metal L
(Metal) o dissolution (g) leached leached

(Obtained) (Legal limit)?
Al 0.5 0.7 <0.2 10.0
Cu 14 13 34 1.0
Fe 13 14 27.8 20
Pb 4.6 45 78.9 1.0
Zn 15 14 16.4 5.0

2Portuguese Decree Law N° 236/98, 1% of August.

111.3.4 BIODEGRADABILITY AND TOXICITY ASSESSMENT

Biodegradability was assessed for all the experiments, starting from a value of 0.3 for the model solution.
According to the results obtained for the TPh removal, it was expected that the ECG process would
increase the biodegradability of the effluent over time, since it has reached a removal of phenolic content
above 72 % at the end of the treatment. However, the biodegradability was reduced for all the
experiments when comparing with the initial values suggesting that some bio refractory by-products
were formed during the process. In fact, some chlorinated organics may have been produced. Moreover,
this low biodegradability may also be related to the high metal leaching which misrepresents the

biological action.

The toxicity of the effluent is displayed in Table 111.4. For the Al experiment, the ECx and ECs values
are approximately the same as the initial ones. The experiment with Cu anode led to the highest toxicity
abatement within these anodes (EC2—13 % and ECso—43 %). Although the Fe electrode also exhibited
the highest EC value, 13 %, the ECso value was equal to that of the mother solution. In addition, the
EC2 and ECs values attained for Pb and Zn anodes were both lower than those of the starting mixture.
The results demonstrated that the effluent still presents a significant ecological impact and the
wastewater treated with Pb and Zn electrodes acquired a more toxic character, probably due to the
formation of more toxic intermediate compounds and to the negative influence that the leached metals
may have over the bacteria behaviour. Also according to Un et al. [26], it is possible that the ecotoxicity
of the final effluent may be higher than that of the original solution because of the presence of the
chloride ions which will lead to the production of chlorinated organic compounds during the process,

through the chlorine that is formed, especially in acidic media.
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Table 111.4. EC20 and ECso values of the synthetic effluent treated by the electrocoagulation process for each anode.

Experiment EC20 (%) EC50 (%)
Al 10.5 345

Cu 131 43.4

Fe 12.6 355

Pb 37 8.3

Zn 7.0 22.0

111.3.5 ENERGETIC ANALYSIS

The system performance is greatly related to the current intensity, salinity, initial effluent concentration,
type/size of the electrodes and contact time. The economic feasibility is determined by the sacrificial
electrode loss and the electrical energy consumption (Equation (111.19)) in terms of kilowatt hour per m?
of effluent treated (kwh m3) [25].

Eceplt
EC(kWhm™3) = % (111.19)

where Ecen corresponds to voltage (V), | is current intensity (A), t is time (h) and V is the volume of

effluent treated (L).

The energy consumption results presented in Figure 111.5 are based on optimal contact times determined
for each anode material. For example, for the Zn experiment, the COD removal efficiency increased 9
% from the 45" min to 60" min and just 2 % from 60 to 180 min (Figure 111.3). Furthermore, after 60
min, the COD removal was not significantly affected, being this time considered the optimum contact
time. In the case of the tests with Al and Fe is enough 30 min, while 15 min are required for the Cu

anode and 10 min for the Pb experiment.

=
(o]

e L
o N b
T T T
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SEC (kwh m™®)
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Al Cu Fe Pb Zn

Figure 111.5. Energy consumption value for each anode material regarding the optimum contact time.
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As can be observed, the Zn anode material led to the lowest energy consumption value, 8 kWh m,
followed by the experiments with Al and Fe anodes with 9 kwWh m=. Pb and Cu anode materials achieved
the highest energy consumptions, around 11 and 14 kWh m, respectively. These values are in
accordance to those referred in literature by Kuokkanen et al. [25], 0.002-58 kWh m™, According to
industrial sources, the energy cost is 0.12 € kWh. Therefore, the treatment cost varies between 0.96—
1.68 € m=,

111.4 CONCLUSIONS

The performance of the electrocoagulation (ECG) process has been evaluated with different types of
metal anode materials (Al, Cu, Fe, Pb and Zn) for the treatment of a phenolic simulated effluent. The

main conclusions that can be obtained from this study can be resumed as follows:

e The operating conditions that were used were: pH=3.0, current intensity=0.4 A, [NaCl]=1.5 g
L%, intergap distance=1.0 cm and effective anodic area=33.5 cm?.

e The Zn anode promoted the highest removal of phenolic compounds (86 %) and organic load
(49 %). Energy consumption=8 kWh m,

o The treated effluent had low biodegradability and still high ecological impact, probably related
with the formation of some chlorinated organic by-products and metal leaching content.

e This electrocoagulation process can be applied as a primary treatment method.

Among the anodes used, zinc seems an interesting material to be applied in a pretreatment of this kind
of effluents. Another advanced oxidation process could be added after this treatment, since it is still not

suitable to be handled directly by biological processes.
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ABSTRACT

Electrocoagulation using a Zn anode was applied for the first time to remove the organic load of a liquid
effluent. Different operating conditions (pH, current density, distance between electrodes, nature of
electrolyte and kind of cathode) were tested with synthetic phenolic wastewater, in order to optimise the
process. Both the medium pH and the type of electrolyte that were used greatly affected the efficiency
of the system, followed by the influence of the current density and the cathode material, in a lesser
extent. The effect of the distance between electrodes was quite negligible. Furthermore, a sequence of
fed-batch trials involving the electrodes reuse showed almost constant activity during the operation time.
The optimum operating conditions achieved were initial pH of the effluent equal to 3.2, current density
of 250 A m?, distance between electrodes of 1.0 cm and 1.5 g L of NaCl. Moreover, the Zn
anode/stainless steel cathode pair revealed the most interesting results. These parameters led to 84.2 %
and 40.3 % of total phenolic (TPh) content and chemical oxygen demand (COD) removal, respectively.
In addition, the depuration of a filtered real olive mill effluent without NaCl addition achieved the
abatement of up to 72.3 % of TPh and 20.9 % of COD. An energy consumption of 40 kWh m= and 34
kWh m* was observed for the treatment of the simulated and the real wastewater, respectively.

Furthermore, the ecological impact of the treated effluent was detected by bio-luminescence techniques.

This study shows the potentiality of the electrocoagulation process as a pre-treatment of other methods,
namely the electrochemical oxidation, to ensure the legal limits values of the wastewater to be

discharged into the aquatic environment regarding their organic load.
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IV.1 INTRODUCTION

Olive production is a common agro-industry in Mediterranean countries such as Spain (2.4 million ha),
followed by Italy (1.4 million ha), Greece (1.0 million ha), Portugal (0.5 million ha) and France (40
thousand ha), with significant economic, social and environmental impact [1]. Olive mill wastewater
represents an important ecological problem, due to its seasonal production, high pollution load and
toxicity [2—4]. These properties hinder the use of biological treatments since the presence of phenolic
compounds, which are recalcitrant substances, inhibit microorganisms’ action. Therefore, the
development of more effective processes emerges as an alternative to this environmental threat. Even
though novel approaches on advanced oxidation processes appear to be promising and attractive options.
However, handicaps, for example as high cost, formation of a second source of pollution and its
experimental level, are still holding them back from widespread application in industry [5]. On the other
hand, the electrocoagulation (ECG) process is an easy system to operate, requiring low equipment costs,
maintenance and chemical consumption, as well as low quantity of sludge is produced when compared
to the traditional chemical coagulation/flocculation process [6-8]. In the ECG system, sacrificial anodes
dissolve into the liquid medium and metal hydroxides are formed by the reaction of metal ions generated
at the anode with hydroxide anions released by water hydrolysis at the cathode. The solubility of the
complexes formed is dependent on pH and ionic strength. The metal species react with negatively
charged particles in the water to form flocs, which will have the power to destabilise and aggregate the
suspended particles in order to precipitate or adsorb dissolved contaminants [9]. The ECG process has
already been applied to the treatment of olive mill wastewaters, using aluminium or iron electrodes. In
most studies, the same type of material served as both anode and cathode. However, some researchers,
like Garcia-Garcia et al. [10] used a combination between aluminium and iron electrodes. These
materials led to promising removal values of organic load (59-76 %), phenol content (70-91 %) and
colour (70-95 %), after 25-45 min of treatment time [9-14]. According to the reported results, ECG can
be considered as an effective solution for the treatment of OMW or even be combined with conventional
biological processes to attain the environmental legal limits, before being discharged into natural aquatic
streams. Moreover, ECG is pointed out to be faster and more effective than biological processes alone
[11]. In later studies, the introduction of a coagulant aid and hydrogen peroxide was also considered and
the efficiency of the process increased with their addition [15]. Although aluminium and iron are the
most used electrodes in the electrocoagulation of OMW, other kind of electrode materials is employed
in the treatment of different types of wastewaters. For example, copper to remove phosphorus from a
simulated effluent [16], stainless steel to depurate a textile dye wastewater [17], and a combination of
aluminium (anode)/stainless steel (cathode) to eliminate heavy metal species found in industrial polluted
streams [18]. Zinc has also been used for the removal of a wide range of metals (cadmium, cesium,
copper, iron, strontium) from water, demonstrating high removal efficiency (96.6-99.6 %) with 5-20 A

m2at pH 7 [19-22]. When applied to a dairy industry effluent, the best operating conditions achieved
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with this anode material were current density of 86 A m2, electrolysis time of 43 min and initial sample

pH of 7. The reduction of chemical oxygen demand was about 58 % and turbidity 91 % [23].

Based on the existing literature, several electrocoagulation studies have been frequently performed by
using Al or Fe electrodes. However, the cost and formation of higher quantities of sludge are the
disadvantages of the use of these sacrificial electrodes; [24] therefore, the search for new materials to
promote the electrochemical formation of coagulants is encouraged. In this regard, the novelty of this
work focuses on the use of Zn material to treat organic polluted liquid effluents. Indeed, it shall be
highlighted that to the best of our knowledge this is the first time that Zn is used as anode to depurate
water streams contaminated with organic compounds. This hypothesis was based upon the interesting
results recently addressed in literature works [19-21] for the removal of metals from water. Emphasis
was given to phenolic contaminants due to their impact over the ecosystems. These substances are
characteristic of the effluents coming from olive mills that are mostly located in Mediterranean area
countries. Nonetheless, it should be highlighted that the results obtained with this work may be
generalised for other agro-effluents. In fact, one of the common features of these wastewaters is their
high load in such phenolic compounds, which are responsible for their biorefractory character. The effect
of different operating conditions, such as initial pH, current density, distance between electrodes, kind
of cathode and type of electrolyte were discussed and the best operating conditions were applied to an

actual OMW in order to verify the possible real application of such technology.

1V.2 MATERIAL AND METHODS

IV.2.1 SYNTHETIC AND REAL EFFLUENT

A phenolic mixture composed of six acids (100 mg L of each) normally present in real olive mill
wastewaters (3,4,5-trimethoxybenzoic, 4-hydroxybenzoic, gallic, protocatechuic, trans-cinnamic and
veratric acids) was prepared to mimic the actual OMW [24]. No further purification was applied to them
before use. The real wastewater was collected from a mill located in the Extremadura region of Spain

and part of the experiments were performed with previously filtered effluent.

1V.2.2 ELECTROCOAGULATION SYSTEM AND PROCEDURE

The electrocoagulation process was performed in a Perspex batch-stirred reactor, under controlled
temperature (20 °C) and atmospheric pressure, during 180 min. In each experiment, the reactor was
filled with 1000 mL of the model solution or real effluent. The flat anode and cathode were placed
parallel at a specific distance (5-20 mm) and linked to a DC Power Supply HY 3010 Kaise (1=0.4-1.7
A) [25,26]. Zn (Filzinc company, Oid — Portugal) and stainless steel (SS) electrodes were used with an

effective initial area of 33.5 cm?. Samples were periodically withdrawn and immediately centrifuged at
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3500 rpm (Nahita 2655) for further analysis. The conductivity of the electrolyte was measured using a
Consort C863 measurer. 1.5 g L™ of NaCl or Na,SO4 salts were added to the system in order to promote
higher conductivity to the solution. When the real effluent was tested, some experiments were also
executed without salt addition. The initial pH of the medium was varied between 3 and 9, using NaOH
at 3 M or H.SO4 at 2 M whenever necessary. This parameter was followed (HANNA pH meter) but not

adjusted during the treatment time.

1V.2.3 ANALYTICAL TECHNIQUES

In order to assess the progress of the treatment over time, some analytical techniques were performed,
such as total phenolic content (TPh), chemical oxygen demand (COD), biochemical oxygen demand
(BODs), eco-toxicity (LUMIStox), analysis of the concentration of each phenolic acid and the

dissolution of the metal into the solution.

TPh was measured as gallic acid equivalents (GA) by the Folin—Ciocalteau method, as described
elsewhere [27], using a T60 PG Instruments spectrophotometer. COD (closed reflux procedure) and
BODs were determined according to Standard Methods (5250D and 5210B, respectively) [28]. Eco-
toxicity tests were based on the measurement of the light production before and after the luminescent
marine bacteria Vibrio fischeri be incubated for 15 min at 15 °C with different dilutions of the pollutants.
Toxicity levels were assessed through LUMIStox equipment (Dr. Lange) and were expressed as EC
values, which represent the concentration of a sample that inhibits 20 % (ECz) and 50 % (ECso) of
bacteria light emission. Some experiments were randomly run in duplicate to ensure the reproducibility
of the results and the samples withdraw were measured in duplicate to minimise experimental errors.
Deviations between runs were always lower than 10 %, 8 %, 20 % and 2 % for TPh, COD, BODs and
eco-toxicity determinations, respectively. The results displayed in the manuscript’s figures correspond
to the average of those measurements, including the respective standard deviations. The concentration
of individual compounds of the synthetic effluent was followed by a Knauer high-performance liquid
chromatography (HPLC) system. 20 pl of samples were injected via an autosampler (Knauer, Smartline
3800). The mobile phase, consisting of 20 % of methanol in water slightly acidified with phosphoric
acid, was pumped using a Knauer WellChrom K-1001 pump at a flow rate of 1 mL min through a C18
column at 85 °C, and detection was performed at 280 nm in an ultraviolet (UV) detector. This technique
was also applied to the real effluent. Furthermore, the concentration of zinc in solution was evaluated

by atomic absorption using Perkin-Elmer 3300, Waltham, MA equipment.
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IV.3 RESULTS AND DISCUSSION

IV.3.1 SYNTHETIC EFFLUENT

The synthetic wastewater was prepared according to the common composition of effluents from olive

oil mills [24], and its main characteristics are displayed in Table 1V.1.

Table 1V.1. Main characteristics of the synthetic and real effluent.

Characteristics Synthetic effluent Real effluent
pH 3.240.3 4.0+0.4
Conductivity (mS/cm) 0.14+0.01 5.94+0.03
TPh (mgGA/L) 327+7 74049

COD (mgO-/L) 1118+20 22650+1302
BODs (mgO,/L) 372420 -

BODs/COD 0.3

EC2 (%) 1042 -

ECso (%) 3642 4+2

This effluent is an acidic solution (pH 3.2) with low conductivity, 0.14 mS cm, since solutions are
considered conductive of electrical current for values higher than 2.50 mS cm? [29]. The high
concentration of phenolic acids, determined as TPh (323 mgGA L1), is characteristic of this kind of
wastewaters, being one of the key parameters to be reduced by the treatment, as well as the amount of
organic matter expressed by COD (1118 mgO L?) and BODs (372 mgO, L*). According to the
Portuguese Decree-Law 236/98 of 1% August, an effluent just can be directly discharged into an aquatic
medium if COD and BODs values are lower than 150 and 40 mgO. L™, respectively. Regarding the
effluent’s biodegradability BODs/COD=0.3, this value is below the threshold ratio of which the
wastewaters are considered as totally biodegradable, 0.4 [30]. In addition, the toxicity of the mixture
was also tested in order to infer about its effect on ecosystems, being evidenced that a solution involving
only 10 and 36 % of the pollutant sample led to 20 and 50 % of the Vibrio Fischeri’s population light
production inhibition, respectively, revealing its high negative impact over life forms. Therefore, the
effluent is unfit for biological treatment due to its high organic load hard to biodegrade, seasonal
production and varied composition which would require constant biomass acclimation, supporting the

necessity of the application of another type of treatment, such as the electrocoagulation process.

In the following sections the effect of the key parameters ruling ECG efficiency were analysed using

this simulated solution.
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IV.3.1.1 Effect of pH

The pH of the effluent is one of the most important parameters in the electrocoagulation process, since
the solubility of the metal complexes formed is dependent on pH and ionic strength [9-10,13-14].
Moreover, phenolic acids are very sensitive to changes in pH. The system efficiency was evaluated for
three different medium initial pH values, the raw effluent pH 3.2, followed by pHs 7 and 9, which were
adjusted with NaOH or H,SO., whenever necessary. During these experiments the other operating
conditions were kept constant: current density=120 A m, distance between electrodes=1.0 cm, [NaCl]
=1.5 g L and Zn anode/SS cathode pair [9-15]. Figure 1V.1a shows the wastewater phenolic content
depletion over time and as can be observed a similar removal was achieved for pH 3.2 (49.4 %) and pH
7 (48.0 %), after 30 min of treatment. While for the experiment at pH 9, this time corresponds to the
induction period from which begins a low removal evolution that actually ends up exceeding the values
for pH 7 at 120 min of treatment. At the end of the process, the highest TPh removal (86.7 %) was
attained for pH 3.2, followed by pH 9 (66.0 %) and at last pH 7 (50.7 %). Figure 1V.1b revealed that the
organic load decreased for all pHs studied and was only slightly affected by pH 7 and 9. In fact, the test
with pH 3.2 led to a steadily COD removal (40.2 %) up to 60 min, remaining almost constant thereafter.
At pH 9, there was a change in the initial solution’s colour from transparent to green, probably a result

of the formation of quinones, which are not detected as phenols but are still accounted as organic matter.

These results are in agreement with the Pourbaix diagram for zinc material [31]. When the pH medium
of the effluent is acidic, the dissolution of the electrode may occur to the solution in the form of Zn?*,
that subsequently reacts with the hydroxyl anion formed in the cathode and precipitates in the form of
hydroxides, Zn(OH),. The possible reactions that may occur when zinc is used as anode are presented
in Equation (IV.1) — (IV.4).

At the anode Zn - Zn?* + 2e” (Iv.1)
At the cathode 2H,0 + 2e™ - H, + 20H™ (v.2)
In the solution Zn** 4+ 20H™ - Zn(OH), (IV.3)
Global reaction Zn + 2H,0 - H, + Zn(OH), (1V.4)

This process promotes the coagulation with the aggregation of the pollutants, reducing the organic load

and the concentration of pollutants in the liquid phase [21].

For pH 7 and 9, the initial phase corresponds to the lower dissolution of the electrode with Zn?
formation. For this reason, the process of formation of hydroxide flocs in solution to aggregate pollutants

is reduced, leading to a low efficacy of the electrocoagulation process in what regards COD.

Figure 1V.1c depicts the pH medium for all experiments followed over time. As can be observed, the

pH increased for all tests. This increase may be explained by the reactions occurring at the cathode:
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during the process, at this electrode, water molecules receive electrons and dissociate into hydrogen

bubbles and hydroxyl ions, causing the pH medium increase. During the process with pH 3.2, the

solution rose to neutral pH, which is in the ideal range, not needing pH adjustment, to be directly

discharged or even to be used in biological processes.
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Figure IV.1. Effect of the initial pH medium on a) TPh removal, b) COD removal and c) pH over time (current density=120 A m?,
distance between electrodes=1.0 cm, [NaCl]=1.5 g L, Zn anode/SS cathode).

In order to verify the mechanisms that exist in this ECG process, the ratio TPh/COD is illustrated in

Figure IV.2. As can be seen, this ratio is not constant over time, suggesting that the precipitation and

adsorption of pollutants are not the only phenomena present once, if that would be the case, TPh and

COD removal should follow the same trend. In fact, one can infer that it may also occur the oxidation

of organic compounds into intermediates which are accounted for as COD but no longer have phenolic

character.
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Figure IV.2. TPh/COD ratio over time (current density=120 A m, distance between electrodes=1.0 cm, [NaCl]=1.5g L™, Zn anode/SS
cathode).

1VV.3.1.2 Effect of current density

In the ECG process, a current intensity is applied between the metallic electrodes immersed in the
effluent, which promotes the dissolution of the electrodes being responsible for the formation of
coagulant species that destabilise and aggregate the contaminants present in the effluent. Furthermore,
this parameter determines the rate of hydrogen bubbles formation and the growth of flocs that may
influence the efficiency of the process [21].

The effect of the current density (ratio current intensity/anodic area) was analysed between 120-500 A
m2 and the studies were performed at pH 3.2, with a distance between electrodes of 1.0 cm and NaCl
concentration of 1.5 g L. Figure 1V.3a displays the removal of phenolic content over time. As can be
observed, there is a significant decrease of TPh (84.0-87.3 % of removal) during the first 30 min of
reaction with 250 and 500 A m™. In the case of the experiment with 120 A m more time (120 min) was
needed to achieve a similar removal value. Regarding COD decrease (Figure 1V.3b), the test with 500
A m has a sharply depuration of 38.5 % during the first 15 min, followed by the experiment with 250
A m (15-30 min), whereas the assay using 120 A m continues to be the one that takes longer time
(60 min) to get removals similar to the other experiments; this because at the beginning of the process
the COD depletion is practically null. The current density applied to the system determines the amount
of ions released as Zn?* and therefore the amount of the resulting coagulant. Thus, the higher the amount
of dissolved Zn?* ions in solution the greater is the rate of Zn(OH), formation and consequently a higher
COD and TPh removal efficiency is achieved [21,32]. Additionally, the increase of current density
promotes the generation of hydrogen bubbles and decreases its size, resulting in an intensification of the
upward flow and a superior removal of pollutants by flotation. Consequently, it seems to be
advantageous to use high current densities which enable high electrocoagulation efficiencies in short

running times. However, at the end of 180 min of treatment time, the experiment with 500 A m led to
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the worst COD removal value. This might be due to the fact that higher current values lead to a high
turbulence in the system and consequently the particles responsible for coagulation do not have enough
time to agglomerate themselves and remove the pollutants. Important factors such as energy cost and
durability of the electrodes must be taken into account in the process optimisation. Therefore, the current
density of 250 A m2 was chosen to continue the experiments, because after 30 min the highest COD
removal (51 %) was attained and if the higher current density would be used, it would cause higher

consumption of the anode material

It was still observed that using different density current conditions no significant effect over pH
evolution was detected and the final value for all cases was neutral (Figure 1V.3c). However, for the
initial times the quickest experiment was for 500 A m2 (5 min), followed by 250 (10 min) and 120 A
m2 (30 min).
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Figure 1V.3. Effect of the current density effect on a) TPh removal, b) COD removal and c) pH over time (pH=3.2, distance between
electrodes=1.0 cm, [NaCl]=1.5 g L?, Zn anode/SS cathode).
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1VV.3.1.3 Effect of the distance between electrodes

The distance between electrodes influences the amount of energy which is necessary to be supplied to
the system in order to generate an electric field and induce the movement of ions [21].

In the present work, this study was carried out at three different values (0.5, 1.0 and 2.0 cm), while the
other operating conditions were kept constant (initial pH effluent=3.2, current density=250 A m? and
[NaCl]=1.5 g LY. The corresponding removal efficiencies over time for TPh and COD are depicted in
Figure 1V.4a and Figure 1V.4b, respectively. The decrease of the electrode gap distance to 0.5 cm led to
a TPh reduction around 93.7 % after 30 min of treatment, and slightly lower values were achieved for
highest intergap distances (84.0 and 81.8 % for 1.0 and 2.0 cm, respectively). Considering the removal
of organic matter and the pH profile (Figure IV.4c), no significant differences were obtained between
the three distances applied (after 30 min: COD removal=42.8-51.1 % and pH=7.7). In fact, even if a
low space between electrodes corresponds to a decrease in the resistance of the medium, which implies
a low amount of energy to move ions, since the path they have to cover is smaller [21], it should be
referred that the inter-electrode distance of 0.5 cm was difficult to maintain over time. Moreover, the
final results for the three cases were quite similar; therefore, the subsequent experiments were carried
out with 1.0 cm distance.
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Figure 1V.4. Effect of the distance between electrodes on a) TPh removal, b) COD removal and c) pH over time (pH=3.2, current
density=250 A m?, [NaCl]=1.5 g L}, Zn anode/SS cathode).
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1VV.3.1.4 Effect of the nature of the electrolyte

As aforementioned, the synthetic solution had not the required conductivity to perform the
electrochemical experiments; hence two electrolytes were tested, NaCl and Na.SOs at a concentration
of 1.5 g L%, in order to increase the effluent’s conductivity and decrease the energy consumption. This
way, the initial conductivity of the effluent became 3.0 and 2.5 mS cm after the introduction of chlorine
and sulphate salts, respectively. From the results (Figure 1VV.5a and Figure 1V.5b) it was found out that
at the end of 30 min NaCl, led to better degradation values (TPh removal=84.0 % and COD
removal=51.1 %) than the ones achieved with Na,SO. (TPh removal=62.1 % and COD removal=15.4
%).

In the presence of both salts it occurs the generation of oxidising species (Clz, HCIO, CI0~ and S,03%™)
which are able to react with organic compounds during electrolysis [33]. The difference between the
two electrolytes may be explained by the fact that the NaCl solution provides higher conductivity to the
effluent and the chemical species that are formed are good oxidant reagents to decompose organic
compounds, thereby improving the process efficiency. Moreover, moderate levels of chloride ions in
solution decrease the passivation layer on the surface of the sacrificial anodes, increasing the removal
efficiency of contaminants in the ECG process [34]. In addition, through the analysis of the evolution
of the pH in the medium (Figure 1V.5¢) and according to the Pourbaix diagram, one can foresee that in
the experiment with Na;SO4, the short time in neutral pH may have reduced the dose of coagulants and,
on the other hand, the alkaline medium may have led to the formation of an oxide layer on the surface
of the zinc electrode which prevents the dissolution of the metal, limiting also, this way, the coagulant

generation. Thus the efficiency of the electrocoagulation process is inhibited [35].
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Figure 1V.5. Effect of the type of electrolyte on a) TPh removal, b) COD removal and c) pH over time (pH=3.2, current density=250 A
m2, distance between electrodes=1.0 cm, [NaCl]=1.5 g L™, Zn anode/SS cathode).

1VV.3.1.5 Effect of different cathodes

So far, the experiments have been performed with a Zn anode/SS cathode pair. Now, the Zn anode/Zn
cathode set will be used in order to analyse its influence on TPh (Figure 1V.6a) and COD (Figure 1V.6b).
Figure 1V.6a evidences that the trend of the phenolic content removal for the two pairs of electrodes is
similar. There is a rapid TPh depletion in the first 30 min of reaction (TPh removal=84.0 %), remaining
practically constant thereafter. Nevertheless, in Figure IV.6b there is a significant difference in COD
abatement for the two pairs of electrodes. Although, in the first 15 min, they follow the same tendency,
achieving a removal of 15.0 %, afterwards, the set Zn anode/Zn cathode had a slower evolution attaining
its major efficiency after 45 min with 39.4 %, whereas the Zn anode/SS cathode pair had its highest
removal after 30 min with 51.1 %. These results may be explained by the pH medium evolution over
time (Figure 1V.6¢). As can be observed, the experiment with Zn anode/Zn cathode had a slow transition
from an acidic pH to neutral, taking longer time than the other set of electrodes to dissolve metal ions

to the aquatic medium and subsequent formation of metal hydroxides necessary to remove pollutants.
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Figure 1V.6. Effect of the pair of electrodes on a) TPh removal, b) COD removal and c) pH over time (pH=3.2, current density=250 A
m2, distance between electrodes=1.0 cm, [NaCl]=1.5g L™}).

Our results point out that the operating conditions that have led to the greatest removal efficiency of
phenolic content and organic matter of the simulated effluent by ECG were: raw pH (3.2), a current
density of 250 A m2, a distance between electrodes of 1.0 cm, 1.5 g L* of NaCl and the set Zn anode/SS
cathode.

IVV.3.1.6 Analysis of the concentration of the different phenolic acids parents in the effluent

The individual concentration of the six parent phenolic acids was monitored by HPLC for the experiment
involving the best operating conditions referred before. Figure IV.7 represents the removal profile for
all compounds over time. After 15 min of treatment, it was noticeable the high efficiency of the process
for the practically total degradation of gallic (96.4 %) and 3,4-dihidroxybenzoic (98.4 %) acid. In the
case of 3,4-dimethoxybenzoic, 3,4,5-trimethoxybenzoic and 4-hydroxybenzoic acids, their removal had
a sharp increase between 15 and 30 min, achieving their higher degradation (86.8-91.8 %) at this time,
while 4-hydroxybenzoic acid had a smooth depletion between 30 and 60 min, keeping constant from
there on (69.1 %). Regarding 3,4-dimethoxybenzoic, 3,4,5-trimethoxybenzoic and 4-hydroxybenzoic
acids, after 60 min of treatment, their concentration in the liquid starts to increase again (their removal

decreases), stabilising after 120 min.
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Figure 1V.7. Removal of parent phenolic acids over time for the synthetic effluent (pH=3.2, current density=250 A m, distance between
electrodes=1.0 cm, [NaCl]=1.5 g L, Zn anode/SS cathode).

IV.3.1.7 Toxicity analysis

The eco-toxicity test was applied to the effluent before and after the electrocoagulation process for the
best operating conditions referred before. The results obtained for EC4 and ECsg indicators are shown
in Table 1V.2. One can observe that the addition of the electrolyte NaCl increased the toxicity of the
effluent by itself, reducing ECz from 10 % to 9 % and ECs, from 36 % to 18 %. After treatment, even
if the effluent remains toxic for bacteria a decrease on this parameter is detected subsequently to the
ECG with EC2=20 % and ECs,=38 %. Fulladosa et al. [36-37] determined ECy and ECso threshold
values for Zn?* for Vibrio fischeri bacteria, which corresponded to 0.46+0.02 mg L* and 0.86+0.11 mg
L%, respectively. The concentration of Zn?* obtained in this work was 36 mg L™, value that is above
ECso reported in literature. This aspect can be an important contribution to the toxicity present in the
effluent at the end of the treatment.

Table 1V.2. EC20 and ECso values for the synthetic effluent before and after treatment.

ECy (%) ECso (%)
Initial effluent 10+2 36+2
ECG t=0min (electrolyte addition) 942 18+2
t=180min 20+2 38+2

1VV.3.1.8 Electrical energy consumption

The electrical energy consumption is the major operating cost associated with ECG process. Therefore,

it is important to optimise this parameter in order to reduce economic and environmental impacts. The
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electrical energy consumption (EC) was determined in terms of kWh m according to Equation (IV.5)
[38].

Eo It
EC(kWh m~3) = % (IV.5)

where Ecen is the potential difference (V), | is the current intensity applied to the process (A), t is the
reaction time (h) and V is the volume of treated effluent (L). A result of 40 kWh m was obtained for
this process that is within the range of values referred in the literature for the energy consumption with
electrocoagulation systems, lying between 0.002 and 58 kWh m [38].

1VV.3.1.9 Electrodes stability and durability

In order to test the electrodes stability and durability over time, a sequential fed batch trial was
performed. The reactor was filled with fresh synthetic effluent, at each 180 min, to guarantee the same
initial pollutants concentration during four consecutive tests. Figure IV.8a and Figure 1V.8b represent
TPhand COD removal, respectively. Even though COD removal remained practically unchanged (38.5—
41.5 %), a slight difference was obtained in TPh removal efficiency (86.3-77.7 %).
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Figure 1V.8. Effect of electrodes reuse on a) TPh and b) COD removal by electrocoagulation process (pH=3.2, current density=250 A
m, distance between electrodes=1.0 cm, [NaCl]=1.5 g L}, Zn anode/SS cathode).

Figure 1V.9 represents the zinc anode loss, as well as the respective mass loss over time, during the
sequential fed batch trials. It was found that after four trials, although the EG process has almost spent
all the anode zinc (remaining the stainless steel intact) the efficiency of the process has remained
practically unchanged. The dissolution of the anode material can be theoretically calculated based on
Faraday's law (Equation (1V.6)) [21].
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1tM,,

Mpetal theoretical (8) = ZF (1v.6)

Where | corresponds to current intensity (A), t to the time of ECG process (s), My to the molar ratio of
the metal (g mol?), z to the valence electrons of the metal and F to the Faraday’s constant (96485 C
mol™). The experimental dissolution value was determined by the difference between the initial and
final mass of the zinc electrode, i.e. before and after the treatment process. In theory, the zinc mass loss
would be 3.07 g. The values experimentally obtained support the theoretical with the exception of the

last reuse, in which the anode would not have much material to dissolve into solution.
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Figure 1V.9. Scheme of the mass loss of the zinc anode along reuses (pH=3.2, current density=250 A m, distance between
electrodes=1.0 cm, [NaCl]=1.5 g L, Zn anode/SS cathode).

1V.3.2 APPLICATION TO A REAL EFFLUENT

After optimising the operating parameters, those conditions were applied to the treatment of a real olive
mill effluent. The main features of the wastewater are displayed in Table IV.1. As can be seen, this
wastewater has an acidic character (pH 4), good conductivity, high phenolic content (740 mg GA L?)
and organic matter (22650 mgO, L). The values obtained are within the characteristic range for this
type of effluent [10,13,39]. High eco-toxicological impact with Vibrio Fisheri bacteria was also
detected. The ECy value could not be measured which leads to the conclusion that the most dilute
solution (6.3 %) has the ability to inhibit more than 20 % of bacteria, indicating that the olive mill

effluent has a high toxicity.

Three treatments were performed with the real effluent in different conditions: filtered without NaCl
addition (1), filtered with NaCl addition (2) and without filtration and NaCl addition (3). Even though
final results seem quite similar, Figure 1VV.10a shows that experiments 1 and 2 led to the highest TPh
removal values in less reaction time; for example at 90 min these two experiments achieved TPh removal
values around 55.5-59.9 %, whereas for experiment 3 only 45.7 % was obtained. Nonetheless, at the
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same time and as before for the synthetic effluent, for COD removal (Figure 1VV.10b), the values for all
assays were lower when compared to the phenolic content removal. There is no significant difference
between trials, besides a slightly higher removal for the experiment 1 (19.5 %). Probably, during the
treatment process, the initial phenolic acids are transformed into more refractory intermediates, which
already had no phenolic character, but they may be accounted as organic matter. The obtained values
are still far from the limits of discharge to the environment. Comparing the trend of the simulated
effluent to the real one without NacCl, it appears that the evolution of pH of the medium in the latter case
(Figure 1V.10c) was too slow (at 15 min: simulated effluent-pH=7.3, real effluent without NaCl-
pH=3.8-4.3), inhibiting the achievement of the required values to allow the dissolved metal ions (Zn?*)

to form metal hydroxides, leading to a high removal of pollutants.
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Figure 1V.10. a) TPh removal, b) COD removal and c) pH profiles for the synthetic and real effluent with the best operating conditions
(pH=3.2, current density=250 A m?, distance between electrodes=1.0 cm, [NaCl]=1.5 g L™}, Zn anode/SS cathode).

The experiment 1 was the chosen to continue the tests with the real effluent, firstly because it leads to
the slightly higher COD efficiency and secondly because it does not need the introduction of reagents

(NaCl), which would make the process more costly.

As aforementioned, during the process of ECG, electrodes are subjected to electrochemical reactions
that promote their dissolution, mainly for the anode where there is a great loss of mass to solution. In
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the test with the real effluent, the experimental mass loss of the zinc electrode was 3.11 g, very closely
to the theoretical one (3.07 g).

Figure IV.11 shows the concentration of zinc ion over time for the simulated and real effluent

depuration, which is above the commonly industrial limit used for discharge in the sewer (5 mg Zn L

1).
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Figure 1V.11. Zn concentration in solution over time for the synthetic and real effluent.

The dissolution of the zinc electrode is mainly due to the pH medium and the major dissolution of zinc
occurs when pH is acidic. Once pH medium reaches neutral or basic values, the dissolved metals tend
to form Zn(OH); and as a result zinc concentration in the solution decrease. This analysis also indicates
that most of the dissolved zinc was removed by precipitation and/or flotation of the pollutants and only

one portion stayed dissolved in the effluent (Table 1V.3).

Table 1V.3. Zinc mass.

Masses Synthetic effluent (g) Real effluent (g)
Zn anode (t=0 min) 14.26 14.24

Zn anode (t=180 min) 11.20 11.13

Mass loss 3.06 311

Zn ions in solution (t=180 min) 0.036 0.75

Zn removed by precipitation or flotation 3.02 2.36

Regarding eco-toxicity, the ECy value, at the beginning and after the treatment, was not measured by
the equipment, because the most dilute solution of the method has still the ability to inhibit more than
20 % of bacteria, and the ECso value decreased from 4 to 3 % after the application of the ECG process,

which means that the treatment failed to remove the toxicity of the effluent.
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Moreover, the obtained electrical energy consumption result for the real wastewater was 34 kWh m.
This value is somehow lower than the one achieved for the synthetic effluent (40 kwh m) possibly
due to its higher conductivity for the electrical current of 5.94 mS cm™ (Table IV.1), resulting then in a

lower resistance of the medium and a lower power consumption by the process.

I1V.4 CONCLUSIONS

The depuration of a simulated and a real olive mill effluent was investigated in an electrocoagulation

process using a Zn anode.

The treatment of the simulated effluent was strongly affected by the initial pH, since this parameter
determines the quantity of ions that are released to the liquid medium and the formation of metal
hydroxides necessary to remove pollutants from the system. In addition, depending on the type of the
salt added, the process efficacy is also greatly affected. In its turn, current density had a sparingly impact,
as well as the type of the cathode used. Moreover, the effect of the distance between electrodes was
quite negligible and a sequence of fed batch trails involving the electrodes reutilisation showed almost
constant activity during the operation time for four experiments. The operating conditions that led to the
optimum results were: initial pH of the effluent equal to 3.2, current density of 250 A m2, space between
electrodes equal to 1.0 cm, 1.5 g L of NaCl and set of Zn anode/SS cathode. According to these
parameters, it was achieved a phenolic content and organic load removal (measured as COD), around
84.2 % and 40.3 %, respectively. Regarding the real effluent filtered without the addition of NaCl, the
treatment attained 72.3 % for TPh removal and 20.9 % for COD removal. The depuration system, for
both simulated and real wastewater, allowed the reduction of the initial concentration of pollutants.
However, eco-toxicological tests revealed a still ecological impact for the treated effluents. The energy
consumption obtained for the treatment of the simulated and the real wastewater was 40 kWh m and

34 kWh m3, respectively.

In short, the electrocoagulation process was optimised. Although, none of the treatments would allow
the wastewater to be able to be directly discharged into the aquatic medium within environmental
legislation thresholds, this study can support that the electrocoagulation process may be used as a pre-
treatment of another method, as for instance being previously applied for further electrochemical
oxidation technology. The results attained for the degradation of the phenolic content of the olive mill

wastewater may be most likely generalised for other agro-effluents.
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ABSTRACT

An electrocoagulation (EC) process was employed to remove the Reactive Black 5 (RB5) from aqueous
solutions by using batch-stirred and recirculation flow reactor configurations. Different operating
conditions, such as current density, initial pH value, initial dye concentration, sacrificial anode materials
and stirring rate were tested with the synthetic wastewater in order to optimise the treatment. The optimal
operating conditions achieved for both systems were: current density of 16 mA cm, pH, of 6, 100 mg
L of RB5 and Al anodes (and 800 rpm for the batch-stirred setting). These parameters at the batch-
stirred EC system led to 76 % and 97 % of decolourisation after 45 and 120 min of operation, with an
energy consumption of 5 and 14 kWh m3, respectively. For recirculation flow system, complete colour
removal was attained in 10 and 120 min requiring 2 kWh m and 22 kWh m of energy consumed,
respectively. The behaviours observed at each one of the EC systems (—batch and —recirculation flow)
are related to the way how the liquid was mixed and the location where samples were taken. In the batch-
stirred system, a real textile wastewater was also treated applying Al or Zn anodes. Results clearly
showed that the EC process is a promising alternative to depurate effluents containing dyes, since it

guarantees the legal limits values of the wastewater to be discharged into the aquatic medium.
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V.1 INTRODUCTION

The large worldwide production of dye-containing wastewaters remains an important ecological issue
due to the stability of the compounds, their low biodegradability and carcinogenic character. The natural
streams contamination and aesthetic problems motivate the scientific community to search novel
effective and inexpensive strategies for treating these industrial effluents [1]. Electrocoagulation (EC)
is a widely accepted technology, since it is an easy system to operate, requires low equipment costs,
maintenance and chemical consumption. Moreover, low quantity of sludge is produced when compared
to the traditional chemical coagulation/flocculation processes [2—4]. EC uses sacrificial metal electrodes
immersed in polluted water by applying electric current, promoting their dissolution. The metal ions
formed in solution at an appropriate pH favour the generation of different coagulant species and metal
hydroxides that destabilise and aggregate suspended particles or precipitate and adsorb dissolved
contaminants [5]. Several studies highlight the high efficiency of EC to remove colour from dye
effluents. However, this process efficiency depends on the operating parameters, such as initial pH, dye
concentration, applied current density as well as reactor design [1]. Based on the existing literature,
many works about EC approach have been performed by using batch systems with magnetic stirring to
treat specific dyes, e.g. Acid Black 1, Acid Black 52, Acid Black 172, Acid Black 194, Acid Blue 19,
Acid Red 2, Acid Red 14, Acid Red 87, Acid Yellow 23, Acid Yellow 220, Basic Violet 3, Basic Blue
9, Direct Brown 2, Disperse Blue 3, Reactive Black 5, Reactive Blue 4, Reactive Red 43 [6-19] or even
real effluents [20,21]. Also, few studies have been developed with a batch recirculation flow
configuration to depurate this kind of wastewaters [22—24]. Nonetheless, to the best of our knowledge,
no enough attempts were reported comparing the performance of a batch stirred and a recirculation flow
electrocoagulation systems for removing organic pollutants [25]. Therefore, this work is focused on the
comparison of these two arrangements to remove the Reactive Black 5 (RB5) dye from aqueous
solutions by applying EC approach. The effect of the current density, initial pH and initial concentration
of the pollutant was evaluated on the colour and chemical oxygen demand (COD) removals, using
sacrificial Al anodes. In order to extend the study, batch-stirred experiments were carried out with Zn
anodes in order to compare their efficiency to the Al electrodes, in the treatment of the RB5 dye solutions
and a real textile wastewater. The energy consumption was also estimated for both systems, batch and

recirculation flow.
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V.2 EXPERIMENTAL

V.2.1 SYNTHETIC AND REAL EFFLUENT

An aqueous solution with 100 mg L of Reactive Black 5 dye (RB5) was used as the model synthetic
effluent. No purification was applied to the reagent before use. The characteristics and the chemical

structure of the dye are presented in Table V.1.

Table V.1. Characteristics and chemical structure and of the Reactive Black 5 dye.

Colour Index name M (g mol™) Amax (NM) Chemical structure
Na0350 o
\ U / \ S05Na
-
0
- O
Reactive
Black 5 dye 991.82 597 . Q
[}
p H / \ = S0zNa
Na0,;S0 H —

O

Some experiments were also performed with a previously filtered real textile effluent that was collect
from a textile industry located in Portugal. The main features of the simulated and the actual wastewaters
are displayed in Table V.2. As can be seen, both effluents have very similar pH conditions (pH=5.99-
6.51). The synthetic effluent has low conductivity and low chemical oxygen demand (COD) (91.3 mS
cm?® and 52 mgO, L) when compared to the real wastewater (302.5 mS cm™ and 196 mgO, LY).
Conversely, its absorbance is 9 times higher than the actual wastewater. According to the Portuguese
Decree-Law 236/98 of 1%t August, an effluent to be directly discharge into natural streams, its COD must
be under 150 mgO, L*. Furthermore, colour must not be detected when diluted 20 times. Therefore, in
order to attend the environmental legislations, the COD and colour removals were chosen as the main

parameters to be monitored during the treatment of the effluent.

Table V.2. Main characteristics of the synthetic (100 mg L™ of Reactive Black 5) and real effluents.

Characteristics Synthetic effluent Real effluent
pH 6.00+0.36 6.51+0.04
Conductivity (mS cm™?) 91.3+0.1 302.5+0.7
Abs (a.u.) 2.289+0.009 0.238+0.001
COD (mg02 LY) 52+1 196+2
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V.2.2 ELECTROCOAGULATION SYSTEMS AND PROCEDURE

The EC process was accomplished using two different electrochemical reactor arrangements. One of
them consisted in a Perspex batch-stirred reactor under controlled temperature (255 °C) and
atmospheric pressure [26]. In each experiment, the reactor was filled with 1 L of the model solution or
real effluent and, it was stirred with a magnetic stirrer at 300 or 800 rpm during 360 min by employing
a stir plate Nahita Blue 692. Monopolar electrodes in parallel connections were tested. Two-flat anodes
(Al material) and cathodes (stainless steel material), with an electrode gap of 0.5 cm, were linked to a
DC Power Supply HY3010 Kaise (1=0.25-1.0 A) (Figure V.1a). These electrodes had an effective
individual area of 31.8 cm?, i.e. the anodic and cathodic areas were in total equal to 63.6 cm? in each
case. Before each experiment, the electrodes were washed with a diluted HCI solution to clean the

impurities on their surface.

The second configuration arrangement was based on a flow cell system working with a MINIPA MPL-
3305M power supply (1=0.25-1.0 A) (Figure V.1b). Disk format electrodes were employed (Al as anode
and stainless steel as cathode) with an electroactive area of 63.6 cm? and were placed in parallel with an
inter-electrode gap of 1.2 cm. In each experiment, the reservoir was filled with 1 L of synthetic solution
and recirculated through the system by a centrifugal pump working at 160 L h, during 240 min. The
experiments were conducted at mild conditions of pressure and temperature (30£5 °C).

q 1

a) b)

Figure V.1. (a) Batch and (b) flow cell electrocoagulation systems. (1-DC power supply, 2-Electrodes (2 anodes + 2 cathodes, 3-Floater,
4-Magnetic stirrer, 5-Stir plate, 6-Double wall for water recirculation, 7-Reservatory, 8-Pump, 9-Electrochemical flow cell).

-

The concentration of 1.5 g L* of NaCl was added to both systems in order to promote higher
conductivity to the synthetic solution and real effluent. The conductivity was measured using a Consort
C863 measurer and the initial pH value was adjusted between 3 and 9, using NaOH 3 M or H,SO4 2 M
whenever necessary. This parameter was followed (HANNA pH meter) but not adjusted during the
treatment time. Samples were periodically withdrawn and immediately centrifuged at 4000 rpm (Hettich
Zentrifugen — Rotofix 32A) and filtered with glass microfibres filters (VWR), particle retention of 1.2

pm, for further analysis.
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V.2.3 ANALYTICAL TECHNIQUES

The efficiency of the process was determined by UV-vis and chemical oxygen demand (COD) analysis.
Colour removal was assessed by monitoring the decrease of the maximum absorbance of the Reactive
Black 5 solution (Amax=597 nm) and the real dye effluent (Amax=574 nm) over time using an UV-vis
spectrophotometer T60 PG Instruments (batch experiments) or Analytikjena SPECORD 210 PLUS
(flow experiments). The percentage of decolourisation was estimated by the Equation (V.1):

(Abs, — Abs,)
Colour removal (%) = ————— x 100 (V.1)
Abs,

where Absy and Abs; correspond to the average absorbance at the beginning of the reaction and after an

electrolysis time t, respectively.

COD was evaluated by the closed reflux procedure according to Standard Methods (5250D) [27]. In this
technique, samples were digested in a thermal reactor (Eco 25, VELP Scientifica) at 150 °C during 120
min and then the absorbance was measured in a photometer (Photolab S6, WTW). The calibration curve
was prepared using standard solutions of potassium hydrogen phthalate (CsHsKO4) with COD values
within the range 0-100 mgO, L™ or 0-1200 mgO, L, being the absorbance measured at 445 or 605
nm, respectively. Analytical determinations were accomplished at least in duplicate to minimise
experimental errors and the maximum deviations were 10 or 8 %, for colour and COD removal,

respectively.

The energy consumption (EC) per volume of treated effluent was determined in terms of kwh m
according to Equation (V.2):

Ecen I't

EC(kWh m™?) = =

(V.2)

where Ecen corresponds to the average potential difference of the cell (V), I is the current intensity applied

(A), t expresses the electrolysis time (h) and V is the solution volume (L).

V.3 RESULTS AND DISCUSSION

V.3.1 BATCH STIRRED SYSTEM

V.3.1.1 Effect of stirring rate

The stirring rate provided to reaction systems allows to maintain the homogeneity of the process,
avoiding the formation of a gradient of concentration inside the reactor. This operating condition plays
a significant role for the transport in the solution of the electrogenerated ions. Thus, the effect of the
stirring rate on the performance of EC experiments was evaluated for treating 100 mg L™ of RB5 at 300
and 800 rpm by applying 4 mA cm2 at pHo 6 and NaCl concentration of 1.5 g L™, and considering an
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electrode distance of about 5 mm. Figure V.2 shows colour and COD (see inset in Figure V.2) removals,
as a function of time. As can be observed, similar behaviour was attained at 300 and 800 rpm for colour
and COD removals. However, it is important to indicate that, there was a slight increase of around 7 %
in the decolourisation of solution when 800 rpm was used as stirring rate. This behaviour can be related
to the fact that raising the stirring rate, the mobility of the electrogenerated ions is also intensified,
leading to a positive effect on the mass transfer [28,29], which results in a higher colour removal. After
240 min of EC process, 85.6 % and 90.2 % of colour were removed at 300 and 800 rpm, respectively.
Nevertheless, a modest improvement for the organic load reduction is achieved at 800 rpm, reaching
39.8 % after 90 min.

100 [ . . . . . . .
O 300 rpm e 8 e
800 [ 38
o rpm o
80 - o
S e
R . 100
é 60 o o o
8 O § 60
E 40 + .98 g .. °
S le° NPT T
20 'b 20
C; 60 120 180 240 300 360 420 480
0 L L L L L Time (mm)‘ L
0 60 120 180 240 300 360 420 480
Time (min)

Figure V.2. Effect of the stirring speed on colour removal over time. Inset: Effect of the stirring speed on COD removal over time.
Operating conditions: batch system, current density=4 mA cm?, pHy,=6, 100 mg L* of Reactive Black 5 and Al anode.

V.3.1.2 Effect of current density

The efficiency of the EC process can be affected by the current density (j) applied to the system, since
it determines the amount of coagulant dissolved from the electrodes into the liquid. Also, the size and
growth of the flocs as well as the hydrogen bubbles production rate are parameters that can be influenced
by j [30]. For this reason, the effect of this parameter was evaluated at two different j, 4 and 16 mA cm’
2 for treating 100 mg L of RB5, keeping constant the other operating conditions: pHo 6, 800 rpm,
distance between electrodes of 5 mm and NaCl concentration of 1.5 g L. Figure V.3 displays the colour
depletion of RB5 over time, showing that 97.1 % of colour removal was achieved after 90 min by
applying 16 mA cm2. Conversely, 360 min are necessary to achieve similar decolourisation percentage
when lower j is applied. This means that an increase in j promotes a high dissolution of the Al anodes
(Equation (V.3)), which led to a higher number of metal hydroxide flocs [28,31] (Equation (V.4))
contributing, in this way, to a higher colour removal efficiency.
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Al = AT + 3e™ (V.3)
A3t + 3H,0 - Al(OH); + 3H™ (V.4)

Furthermore, the presence of CI~ ions can lead to increase the dissolution rate of the Al anodes due to
the corrosion phenomena, then, when j is increased, the rate of the flocs, due to the introduction of NaCl
in the system, can lead to the electrogeneration of active chlorine species. Also, with the j increase, their
formation will improve as well as the efficiency of the process.

Regarding the COD removal (inset of Figure V.3), no significant differences were observed at both
current densities. After 120 min of electrolysis, 40 % of COD removal was achieved, at both current
conditions. This result indicates that the colour is rapidly removed because chromophore group at dye
structure is fragmented but the organic matter is not completely eliminated due to the formation of other
intermediates that are difficult to be removed.
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Figure V.3. Effect of the current density on colour removal over time. Inset: Effect of the current density on COD removal over time.
Operating conditions: batch system, stirring speed=800 rpm, pH,=6, 100 mg L™ of Reactive Black 5 and Al anode.

V.3.1.3 Effect of initial pH

The pH of the effluent is an important operating parameter, since metal ions, at a suitable pH values can
form wide ranges of coagulated species and metal hydroxides that precipitate and adsorb dissolved
contaminants or destabilise and aggregate suspended particles. For that reason, this parameter was
assessed at three different initial values, pHo 3, 6 (raw effluent pH) and 9, which were adjusted with
H>SO4 or NaOH. During these experiments, the other operating conditions were maintained constant:
stirring rate=800 rpm, current density=16 A cm, distance between electrodes=5 mm and [NaCl]=1.5g
L. Figure V.4 displays the colour removal, as a function of time, for treating 100 mg L* of RB5. As
can be observed, a rapid decolourisation was achieved for pHo 3 (91.8 %) after 5 min of treatment,

followed by a steady drop until 30 min (68.5 %). After this time, colour removal rose gradually until
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98.2 % (90 min) and remained almost constant thereafter. Meanwhile, the experiments at pHo 6 and 9
revealed similar removal trends over time, attaining colour depletions around 97 %, after 90 min of
reaction. The inset of Figure V.4a shows that organic load decreased under different pH conditions. At
pHo 3, a fast COD elimination (71.2 %) is attained after 10 min, corroborating the results obtained about
the colour removal. According to the Pourbaix diagram [32], when the aluminium is in the presence of
acidic solutions, the dissolution of the electrode material to the liquid is more intense, allowing greater
availability of AI** ions (Equation (V.3)) to generate Al(OH); flocs (Equation (V.4)), which having their
minimum solubility in the range of pH 5-6 and their predominant precipitation will occur near pH 6,
where they tend to aggregate and remove pollutants from the liquid medium (see inset of Fig. 4a and
Fig. 4b). This situation can be due to the fact that the various positively charged hydrolysis species
(AI(OH)?*, AI(OH), Al, (OH)7*, Als (OH)3{, Al (OH)17, Alg(OH)33, Aly30,(0H)Z], Ali3(OH)3Y

[33], normally present at pH < 6 (Figure V.4b), can adsorb the pollutants into the surface since they have
opposite charges [34], promoting the destabilisation of the stable colloidal particles. This phenomenon
is commonly called as charge neutralisation [35]. However, between 10-45 min of electrolysis, COD
removal decreased to 29.7 %. This may occur because at pH > 6, the hydroxide ions present in the liquid
medium compete with the organic pollutant for metal adsorption sites, promoting the restabilisation of
the particles and thus the release of coloured compounds to the liquid medium. Moreover, after this time,
there was probably a high coagulant dose in the medium that led to an increase in the removal up to 48.1

% at 60 min of treatment.

Although, the tests at pHo 6 and 9 also had a drop in COD removal at 45 min of electrolysis, no rapid
decrease was observed when compared to that observed at pHo 3. At the end of the process, the highest
COD removal (inset of Figure V.4a) was attained at pHy 9 (50.9 %), followed by pHo 3 (47.8 %) and
pHo 6 (40.1 %). For the experiment with pHo 6, the initial phase corresponds to the lower dissolution of
the electrode [32]. For this reason, the process of formation of hydroxide flocs in solution to aggregate

pollutants is reduced, leading to lower efficiency of the EC process, as a function of COD removal.

As it can be observed in Figure V.4b, the medium pH increased for the tests with pHo 3 and pHo 6 due
to the electrolysis of water molecules at the cathode which promotes their dissociation into hydrogen
bubbles and hydroxyl ions, and consequently, causing an increase on the pH conditions of the medium.
In the case of pHo 9, in the early phase of treatment, its value decreased to 8, probably due to the
formation of aluminate (AI(OH)y) that it is an alkalinity consumer [36,37]. During the EC process with
pHo 6, the solution rose to a pH 7-8, which is considered the ideal range to be used in biological
processes or even directly discharged , not needing pH adjustment. Therefore, this pHo was selected for

the subsequent experiments.

98



CHAPTER V. REACTIVE BLACK 5 ELIMINATION FROM AQUEOUS SOLUTIONS BY USING ALUMINIUM
ANODES IN -BATCH AND —RECIRCULATION FLOW ELECTROCOAGULATION SYSTEMS

1oy e o 0
SR
gl O ) 100
= e S o ] .
9_/ O 0 80 o @
S 60f g |2
g ° E e
] Ee) & o & g %
3 40 @ g © ég’o? ' '
] [ @ 3 .
8
3 > -
20 O PHy3 ] O pHo3
@®  pH,6 0 m @ w 1o 10 10 20 240 7m0 @ PH, 6
O PHy 9 Time (min) O PH, 9
0 L L L L L L L L L L L L L L
0 30 60 90 120 150 180 210 240 270 90 120 150 180 210 240 270
a) Time (min) b) Time (min)

Figure V.4. Effect of the initial pH on (a) colour removal and (b) pH medium over time. Inset (a): Effect of the initial pH on COD
removal over time. Operating conditions: batch system, stirring speed=800 rpm, current density=16 mA cm, Al anode and 100 mg L
! of Reactive Black 5.

V.3.1.4 Effect of dye concentration

EC process of three concentrations of RB5 (50, 100 and 200 mg L) were studied by applying 16 mA
cm2, at pHo 6, 5 mm of electrode distance and NaCl concentration of 1.5 g L. Figure V.5a displays the
colour removal over time. As it can be observed, there is a significant decolourisation efficiency (97.1—
97.6 %) during the first 90 min of electrolysis when 50 and 100 mg L™ of dye were used as initial
concentration. In the case of 200 mg L™ of RB5, 180 min of electrolysis were spent to attain 94.2 % of
colour removal. Regarding COD removal (inset of Figure V.5a), the efficiency was dependent on the
initial dye concentration. In fact, the test with 50 mg L of dye had a sharply depletion of 54.7 % after
10 min. By using 100 mg L, 33.2 % of COD removal was achieved, whereas the assay using 200 mg
L achieved only 22.7 % of depuration after 15 min. It is important to remark that, at higher
concentrations (100 and 200 mg L), longer electrolysis times were necessary to achieve 35 % of organic
matter removals. This result indicates that the removal efficiency of a contaminant decreases with the
increase of its initial concentration for the same current density, as already stated by Khandegar and
Saroha [30]. This may be due to the fact that, for the same j, there is the same amount of AI**
electrogenerated, and consequently an equal amount of AI(OH)s is formed, and it is hot enough amount
to aggregate and sediment the organic dye molecules of the pollutant in excess, when the concentration
of the RB5 is increased [6,21,38]. Therefore, 100 mg L™ of dye was chosen to continue the experiments,
because after 90 min a satisfactory colour removal (97.1 %) was attained in the same line of 50 mg L*
(97.6 %), as can be observed in Figure V.5b.
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Figure V.5. (a) Effect of the initial concentration of Reactive Black 5 on colour removal over time. (b) Colour removal profile at
different initial Reactive Black 5 concentrations at 90 min of reaction. (c) Effect of the initial concentration of Reactive Black 5 on pH
medium over time. Inset (a): Effect of the initial concentration of the pollutant on COD removal over time. Operating conditions: batch
system, stirring speed=800 rpm, current density=16 mA cm?, Al anode and pHy=6.

V.3.1.5 Effect of the nature of the anode material on the treatment of the synthetic and real
effluent

The nature of the electrode determines the pollutant degradation mechanisms [39]. Thus, the efficiency
of the system was evaluated with two different anode materials, aluminium (Al) and zinc (Zn), on the
treatment of the synthetic and the real effluents. The experiments were performed in a monopolar mode
at 800 rpm by applying 16 mA cm at the raw pH of the effluents. As it can be observed in Table V.2,
the main features of the studied wastewaters are different. In fact, the absorbance of the real effluent
(RE) is 9 times inferior to the synthetic effluent (SE). For this reason, the decolourisation of the real
effluent (Figure V.6a) was quickly attained after 5 min of treatment, achieving 90.5 % and 69.8 % at Al
and Zn anodes, respectively. At 180 min, these same experiments reached 96.5 % and 95.1 %,
respectively. In the case of EC process of the synthetic effluent with Al anode, colour removal was
gradually increased over time, achieving 97.1 % after 90 min of treatment, while the experiment with

Zn, 67.3 % of decolourisation was achieved at the end of the process.
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Regarding the organic matter removal, in terms of COD, for treating real and synthetic effluents by
using Al and Zn electrodes, showed significant differences. When real effluent was treated by EC
approach with Zn, 44.8 % of COD removal was reached while a 41.7 % was achieved at Al electrodes,
after 90 min of treatment (Figure V.6b). In the case of the simulated effluent, Al anodes led to 36.5 %
of removal, while 30.6 % with Zn was attained. According to the results, sacrificial Zn electrodes are
more efficient for a real application. The final COD values are within or very close to the limits of
discharge to the environment, for Zn and Al electrodes, respectively.

Comparing the treatment trend of both effluents by EC process with Zn, it seems that the evolution of
pH of the medium at real effluent (Figure V.6c¢) was rapidly reached (pH > 8.6) favouring the substantial
precipitation of Zn(OH), flocs [32], and consequently, the removal was partially limited. Meanwhile,
the pH conditions of the synthetic effluent (pH between 5 and 7) promote a low dissolution of the
electrode in the form of Zn?" into the solution (Equation (V.5)). As a result, the formation of zinc
hydroxide flocs in solution, by the reaction of Zn?* species with the hydroxyl anion formed at the cathode
(Equation (V.6)), is reduced, leading to a low efficacy of the EC process.

Zn - Zn?t + 2e” (V.5)
Zn?* + 20H~ - Zn(OH), (V.6)

In the meantime, among the tests with Al electrodes there were no significant differences in terms of
COD removal (Figure V.6b). This may be justified by the fact that both experiments rapidly achieve the
same suitable pH value for the formation of AI(OH)s. Usually, these generated flocs have large surface
area, being advantageous for a rapid adsorption of soluble organic compounds and trapping of colloidal
particles.
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Figure V.6. Effect of the nature of the anode material on (a) colour and (b) COD removal, as well as on pH medium over time, using a
synthetic and a real effluents. Operating conditions: batch system, stirring speed=800 rpm, current density=16 mA cm, pHy=6 and
100 mg L of Reactive Black 5 (for synthetic effluent).

V.3.2 RECIRCULATION FLOW SYSTEM

Experiments in a recirculation flow system (FS) were also conducted in order to evaluate the effect of
the different operating conditions including j, initial pH and the initial concentration of the pollutant on
the efficiency of colour removal of RB5. These experiments will also be compared to those performed

in the batch system (BS) with magnetic stirring.

V.3.2.1 Effect of current density

The first parameter that was tested was the j at 4 and 16 mA cm?, using a pHo 6 and 100 mg L* of RB5.
Figure V.7 shows the colour removal as a function of the EC time and as it can be observed, in the first
5 min of operation, the efficiency on the colour decay for the flow system was similar (~62 %) regardless
the applied j. However, the colour removal efficiency was enhanced as a function of electrolysis time,
achieving 94.8 % after 90 min and 97.6 % after 240 min by applying 16 mA cm2, while for lower j (4
mA c¢cm), decolourisation was about 80 % after 45 min of treatment, remaining constant until the end
of the process. Another feature is that, after passing 0.5 Ah L™ of electrical charge, the colour removal
was similar for both experiments (see inset of Figure V.7). However, higher removal is achieved when
higher electrical charge was passed; then, it is possible when 16 mA c¢cm is applied. This situation can
be explained by a higher dissolution of the anode and thus, a higher quantity of flocs is formed to remove
the pollutant, as the j raise [40]. By comparing electrocoagulation systems, batch and flow cells, in Fig.
7, the former achieved higher removal efficiency than that obtained at the latter. This can be due to the
mass transport conditions in solution, which are favoured at flow system, allowing that a suitable mix is
promoted between the electrogenerated coagulant and the pollutants present in the solution, improving

the coagulation efficiency [41].
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Figure V.7. Effect of the current density on colour removal over time, for batch and flow systems. Inset: Colour removal as a function
of the applied charge at different current densities for the flow system. Operating conditions: pHy=6, 100 mg L* of Reactive Black 5,
stirring speed=800 rpm (batch system) and flow rate=160 L h* (flow system).

V.3.2.2 Effect of initial pH

The initial pH was evaluated at three different values (3, 6 and 9), and compared for the two EC systems
(Figure V.8) by applying 16 mA cm. As can be observed, at pHo=3 (Figure V.8a), both profiles follow
a similar trend, achieving after 5 min of treatment, 91.8 % and 98 % of colour removal for batch and
flow systems, respectively. After that time, a fall in colour decay occurred until 30 min of depuration.
For the flow scheme, less 60 min were needed to achieve almost complete colour removal with respect
to the efficacy of the batch arrangement. This decay can be explained as referred to batch system, in
subsection V.3.1.3. Additionally, the difference in the removal rate for the two systems, in achieving
again removals > 95%, can be justified due to the different pH evolution of the aquatic medium over
time as shown in the inset of Fig. 8a, since this parameter determines the aluminium speciation in
solution [21]. In the experiments at pHo 6 (Figure V.8b) and 9 (Figure V.8c), it is possible to observe
that in the early stages of treatment, the colour removal rates for the flow systems are faster than those
achieved at batch system. Probably, it is because of the flow system favours the mass transport
conditions (better mixture between the coagulant and the dye).

In addition, when the pH is higher than 9, the AI(OH); anion is formed at the expense of the Al(OH);
(Equation (V.7)), diminishing the capacity of decolourisation, as already stated by other authors
[21,37,42].

Al(OH); + OH™ « AIOH} (V.7)

In this study, it seems that the generation of AI(OH) begins to be more intense from pH 8, maintaining

the efficacy of the process, but decreasing the colour rate. This can be observed for the batch systems,
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the liquid medium was above pH 8, during a short period of time for the experiment at pHo=6 and during
all the elapsed time for the assay at pHo=9.
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Figure V.8. Effect of the pH, at (a) 3, (b) 6 and (c) 9 on colour removal over time, for batch and flow systems. Insets: Evolution of pH
medium over time. Operating conditions: current density=16 mA cm, 100 mg L of Reactive Black 5, stirring speed=800 rpm (batch
system) and flow rate=160 L h* (flow system).

V.3.2.3 Effect of initial concentration of the dye

The effect of the initial RB5 concentration was evaluated in the range from 50 to 200 mg L™ (Figure
V.9) for both systems by applying 16 mA cm. Figure V.9a represents the colour removal over time for
the experiments with 50 mg L of the initial dye concentration by using flow and batch systems. As can
be observed, in the first 5 min of depuration, 68.9 % of colour removal was achieved by using flow cell,
remaining almost constant up to 60 min. Under similar conditions, the colour decay for the batch system
had a high increase, reaching 90.7 %, while a similar value is achieved after 120 min of treatment when
flow configuration is used. For the assays at initial concentrations of 100 and 200 mg L™ of the RB5
(Figure V.9b and Figure V.9c), it is possible to observe that more efficient colour removal is achieved
(100 mg L%-90.1 % and 200 mg L*-53.7 %) up to 60 min of treatment by using flow system.

Afterwards, the removal values were very similar between batch and flow configurations until the end
of the process.
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Regarding the flow system (Figure V.9), an increase on the initial dye concentration (from 50 to 200 mg
L) results in a decrease on the removal efficiency (68.9-41.7 %) after 5 min of purification. Conversely,
a rapid decolourisation for the experiment with a dye initial concentration of 100 mg L™ is observed,
followed by those with 50 and 200 mg L. This result demonstrates that the EC process provided very
good results for all the studied initial concentrations because the removal was always higher than 90 %
at the end of the treatment. In addition, it is worth mentioning that when the initial RB5 concentrations
are lower (50-100 mg L1), the better is the colour decay rate, since for high initial dye concentrations,
probably the adsorption capacity of metallic hydroxide flocs is not enough, as already stated by Sengil
and Ozacar [34] and Merzouk et al. [42].

These results show that even though for the initial reaction times the removal efficiencies measured in
the flow system presents higher values, it is always possible to reach the same final degradation for the
two reactors settings, with longer times for the batch system. This circumstance arises from the different
operation modes and the way liquid samples are taken out from the EC systems. For the flow
configuration, the liquid mixture is done through its external recirculation and samples are withdrawn
at the outlet of the cell before its junction to the remaining liquid in the reservoir, not representing the
conditions of the whole solution. Nevertheless, in final stages of the process, when maximum
degradations are reached and recirculation promotes a good mixture, the conditions in the system will
be about the same in any point of it. Conversely, in the batch reactor, the mixture of the system is carried
out with a magnetic stirrer ensuring its total homogenization and thus, the effluent may have a uniform
concentration throughout the process. For this reason, even at the initial times, the measured parameter
values will represent the whole mixture in the bulk. Finally, similar removals are obtained for both

systems at the end of the process because the effluents are equally mixed.
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Figure V.9. Effect of the initial Reactive Black 5 concentrations, (a) 50, (b) 100 and (c) 200 mg L%, on colour removal over time, for
batch and flow systems. Operating conditions: current density=16 mA cm2, pHy=6, stirring speed=800 rpm (batch system) and flow
rate=160 L h?* (flow system).

V.3.2.4 Energy consumption

Taking into account the best operating conditions obtained for both EC systems (current density=16 mA
cm?, pHo=6 and [RB5]o=100 mg L), the energy consumption was determined since it is an important
factor in EC process. This parameter was evaluated at two different colour removals (~76 % and ~97
%), once it is observed throughout the study that both EC systems have different removal rates in the
early stages of the process, but higher colour removal occurs simultaneously. A colour decay of 76 % is
reached in shorter times (10 min) using the flow system with lower power consumption (2 kWh m), as
indicated in the Figure V.10. Besides, more than 35 min were necessary at the batch configuration to
achieve the same removal and consequently, it consumed 2.5-folds more of energy (5 kWh m).
Nevertheless, both systems spent the same treatment time to reach 97 % of removal, but lower energy
consumption for the batch system (14 kWh m-3) was needed.
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Figure V.10. Energy consumption as a function of colour removal for batch and flow systems, at their respective time of treatment.
Operating conditions: current density=16 mA cm2, pH,=6, 100 mg L* of Reactive Black 5, stirring speed=800 rpm (batch system) and
flow rate=160 L h' (flow system).
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V.4 CONCLUSIONS

The elimination of the RB5 dye from aqueous solutions was performed by using Al anodes in —batch
and —recirculation flow electrocoagulation systems. The effect of some operating conditions was tested
and optimised. The current density, the nature of the anode and the dye concentration parameters had a
strong effect on the process followed by a sparingly impact of the initial pH and the stirring rate. The
operating conditions that led to the optimum results for both systems were: current density of 16 mA
cm?, pHo of 6 and the initial concentration of the dye of 100 mg L™, Al anodes (and 800 rpm for the
batch-stirred reactor). According to these parameters, using the batch-stirred EC system, after 45 and
120 min of operation, the colour decay increased from 76 % to 97 %, consuming 5 and 14 kWh m?3,
respectively. Regarding the recirculation flow EC system, only 10 min were necessary to achieve the 76
% of colour removal with 2 kWh m3; while to attain 97 % of decolourisation, 22 kW m of energy was
consumed. The removal results greatly depend on how the liquid mixture is done. An actual textile
effluent was also treated by applying Al or Zn anodes in the batch-stirred system, being obtained final

satisfactory results in order to its discharge in aquatic medium.

In short, the EC process using these two systems seems to be a promising treatment to wastewaters

containing dyes.
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ABSTRACT

An electrochemical oxidation (EO) process with Ti/RuO. anodes was applied to treat phenolic
wastewaters. In order to optimise the system, different operating conditions (nature and electrolyte
concentration, current density and initial pH) were tested. The nature of the electrolyte and the current
intensity greatly affected the process, while the concentration of the electrolyte as well as the initial pH
had a sparingly impact. The optimum operating conditions attained, 10 g L** of NaCl, 119 mA cm and
initial pH 3.4, allowed the complete removal of the total phenolic content (TPh) and chemical oxygen
demand (COD) when applied to a simulated phenolic mixture. No significant differences were revealed
on the surface of the anode after the treatment by SEM analysis. Neuronal studies were performed to
verify the impact of the synthetic phenolic effluent, before and after the EO treatment, in the formation
of neuronal reactive oxygen species (ROS). The treated effluent had a milder effect, compared to the
raw one, but neuronal activity became enhanced after its removal. Regarding the depuration of an
undiluted real olive mill wastewater (OMW) the treatment, performed with the optimised parameters,
achieved 100 % of TPh removal and 17.2 % of COD removal.

This study demonstrates that the EO treatment process carried out with Ti/RuO, anodes can be

successfully applied to effluents with COD up to 1100 mgO, L%, ensuring that the legal limit values of
113



PART C. ELECTROCHEMICAL OXIDATION PROCESS

the wastewater to be discharged into the natural streams are achieved. In addition, this EO is also
considered a satisfactory pre-treatment process to real wastewaters, since all phenolic content can be

removed in 180 min.

V1.1 INTRODUCTION

Water pollution and its scarcity affect millions of people, threatening the existence of humankind and
constitute one of the most important environmental issues of the century. Hazardous and persistent
contaminants are dangerous compounds, which appear in wastewater streams coming from industrial
and agricultural activities [1-4]. The seasonally produced olive mill wastewaters (OMW) present high
pollutants load and are toxic to the environment. These characteristics are mainly due to the presence of
phenolic acids and polyphenols substances, which are biorecalcitrant compounds not able to be removed
by biological treatment [5]. High levels of phenolic acids, that are also important antioxidants, may
interfere with health. Therefore, finding a safe solution for the management of OMW, so that they do

not affect human health, becomes imperative.

Advanced oxidation processes (AOPs) have been successfully applied to reduce the organic load and
toxicity present in wastewaters, since they are based on the generation of powerful oxidising species
(hydroxyl radicals, *OH) in solution, which are able to destroy organics up to their mineralisation.
Electrochemical oxidation (EO) appears as an environmental friendly method, being easy to operate and
control. This technology can achieve high efficiencies through two different mechanisms: direct and
indirect anodic oxidation. In the former, pollutants are oxidised by direct charge transfer. On the other
hand, in indirect oxidation, a strong oxidant can be electrochemically generated at the anode that will
degrade contaminants in the bulk solution. As exemple, there is the generation of hydroxyl radicals

M(*OH) produced by the decomposition of water molecules on the surface of the anode (M) (Equation

(VI.1)) [6].
M+ H,0 - M( "OH) + H* + e~ (V1.1)

In addition, NaCl is a common mediator added to the system, allowing the production of active chlorine
species. The oxidation of the chloride (CI™) ion on the surface of the anode leads to the generation of
chlorine (Cly) (Equation (V1.2)), which is further hydrolysed being disproportionated to HCIO
(hypochlorous acid) and C1~ (Equation (V1.3)). In the bulk solution, the HCIO is in equilibrium with
OC1™ with pKa=7.55 (Equation (V1.4)) [7-9].

2 CI" - Clyaq) + 2e~ (V1.2)
Clyaq) + H,0 - HCIO + CI~ + H* (V13)
HCIO € H* + OCl~ (V1.4)
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Moreover, it should be taken into account that during the treatment process, both oxidation mechanisms,

direct and indirect, may coexist [8].

Electrochemical oxidation has already been applied to the depuration of phenolic acids and OMW,
through the employment of different anode materials. In general, the anodic materials with high O
overpotential are preferentially selected for the EO treatment. An example is the boron-doped diamond
(BDD) anode [10-13], since it generates greater amounts of reactive M(*OH) than other materials such
as Pt and PbO. Nevertheless, the application of BDD for wastewaters depuration is limited by its high
acquisition cost. Therefore, the study of other anode materials has been accomplished in order to identify
more affordable electrodes as suitable alternatives to reduce initial investment and operational costs.
This is the case of the dimensional stable anodes (DSA) [14-25], which have a strong interaction
between their surface (M) and *OH radicals allowing the formation of superoxide MO (an oxide with
higher oxidation state) according to Equation (V1.5). This situation occurs when higher oxidation sates
are available for a metal oxide anode, above the standard potential of oxygen evolution (E°=1.23 V vs
SHE). The redox couple MO/M acts as mediator in the selective oxidation of the organic compounds
(R) (Equation (V1.6)), which directly competes with the side reaction of O, evolution that results from
the chemical decomposition of the higher oxide (Equation (V1.7)) [2].

M( "OH) » MO + H* + e~ (V1.5)
MO+ R - M+ RO (VL.6)

1
MO - M + 502 (VL7)

DSA are titanium anodes coated with mixed metal oxide compositions comprising different elements
such as iridium, ruthenium, platinum, rhodium or tantalum [26]. Different oxides such as IrO;, RuO,
SnO; have already been applied to the treatment of model aqueous solutions containing phenolic
compounds typically found in OMW [14,27-31]. Only few studies have described the use of titanium
based-alloys (Ti/RuO., Ti/lrO,, Ti/TiRUO,, Ti/Pt, and Ti/Ta/Pt/Ir) to treat real OMW [18-25,32-34].
According to Chatzisymeon et al. [24] and Papastefanakis et al. [25], the Ti/lrO; and Ti/RuO- anodes
exhibit good activity to the depuration of this kind of wastewaters. Although, these effluents have a
complex composition, which may compromise the activity and stability of the electrodes, a significant
reduction of total organic pollution (COD=5-71 %, TOC=20-67 %) and an interesting removal of colour
(50-100 %), phenolic content (75-96 %) and ecotoxicity may be attained.

This work addresses the use of an EO process to remove a mixture of six phenolic compounds typically
found in OMW by using Ti/RuO- anodes. These anodes, which have high electrocatalytic activity for
Cl, evolution and are generally used in the chlor-alkali process [35] were tested for determining the
combined optimal operating conditions, including the nature and concentration of the electrolyte, the

applied current density and the inital pH. These parameters can affect treatment performance and energy
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consumption; thus the aim was to attain an efficient and cost-effective treatment. Surface changes in the
anodes structure were evaluated through SEM analysis. In a new set of studies, performed in mammalian
brain slices, the influence of the raw and treated synthetic effluents in neuronal activity was addressed.
Moreover, the best operating conditions were applied to a real undiluted OMW in order to verify the

possibility of application of the mentioned technology.

V1.2 EXPERIMENTAL

VI1.2.1 SYNTHETIC AND REAL EFFLUENTS

Six phenolic acids, commonly found in OMW, were selected to prepare a simulated phenolic mixture
[36] with a concentration of 100 mg L of each acid: 3,4,5-trimethoxybenzoic (Alfa Aescar, 99 %), 4-
hydroxybenzoic (99 %, Alfa Aescar), gallic (98 %, Fluka), protocatechuic (97 %, Sigma), trans-
cinnamic (99 %, Sigma) and veratric (99 %, Acros Organics). No further purification was applied to
them before use. A real wastewater was collected from a mill located in the Extremadura region of Spain
and the experiments were performed with the filtered effluent. The filtration step was necessary in order
to avoid electrode plugging during electrolysis [30]. The main features of the synthetic and real
wastewater are displayed in Table VI.1. Both effluents have an acidic character, high phenolic content
and organic matter load (chemical oxygen demand-COD). According to the Portuguese Decree-Law
236/98 of 1% August, an effluent can be directly discharged into an aquatic medium if COD value is
lower than 150 mgO, L.

Table VI.1. Main characteristics of the synthetic and real effluents.

Characteristics Synthetic effluent Real effluent [37]
pH 3.440.3 3.3+0.4
Conductivity (mS cm™?) 0.14+0.01 5.94+0.03

TPh (mgGA L) 323+7 7409

COD (mgO, L™ 1118441 22650+1302

VI1.2.2 ELECTROCHEMICAL OXIDATION PROCEDURE

The oxidation process was performed in a Perspex batch-stirred reactor at atmospheric pressure [37].
Ti/RuO, material was used as anode and stainless steel (SS) as cathode, with an effective area of 21.1
cm?. The electrodes were parallel to each other, with a distance of 10 mm, linked to a DC power supply
HY3010 Kaise (I1=1.2-2.5 A). In each experiment, the reactor was filled with 1 L of synthetic effluent
or with real effluent, and samples were periodically withdrawn and centrifuged at 3500 rpm (Nahita
2655) for further analysis. The conductivity of the electrolyte was measured using a Consort C863 unit
and different concentrations of NaCl (1.8-20 g L) or Na;SO4 (4-20 g L) salts were added to the
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synthetic effluent to promote higher conductivity to the solution (above 2.5 mS cm?). In the experiment
with the real effluent, 5 g L™* of NaCl were introduced in the system, to work with the same conductivity
as the one leading to the best degradation conditions for the synthetic effluent. The initial pH of the
medium was varied between 3 and 9, using NaOH at 3 M or H,SO. at 2 M whenever necessary. This

parameter was followed using an HANNA pH meter but not adjusted during the treatment time.

Some experiments were randomly run in duplicate to ensure the reproducibility of the results.

VI1.2.3 ANALYTICAL TECHNIQUES

Samples were analysed for total phenolic content (TPh) using the colourimetric Folin Ciocalteau
method, as described elsewhere [39], using a T60 PG Instruments spectrophotometer. TPh values are
given in terms of equivalent mg L™ of gallic acid, since the calibration curve was prepared with standard
samples of this substance. COD closed reflux analysis was performed based on the 5250D method of
the Standard Methods [40]. However, in the COD evaluation, the concentration of HgSO4 used in the
digestion solution was increased so that the concentration of Cl~ in the samples, higher than 2.0 g L,

did not interfere with the measurements [40-42].

The samples withdrawn were measured in duplicate to minimise experimental errors. Deviations
between runs were always lower than 10 % and 8 % for TPh and COD determinations, respectively. The
results shown in the figures throughout the manuscript, represent the average of the measurements,
including their standard deviations.

Based on the measured COD values, the current efficiency (CE) for the electrochemical oxidation of
pollutants was determined applying Equation (V1.8). Moreover, the energy consumption (EC) per

volume of treated effluent was determined in terms of kWh m= according to Equation (\V1.9) [43].

(COD, — COD,) FV
X

100 (V1.8)
8lt

CE(%) =

Ecen It
EC(kWh m™3) = % (V1.9)
where CODy corresponds to the initial chemical oxygen demand (gO- L), COD: to the chemical oxygen
demand (gO L?) at time t, F to the Faraday constant (96487 C mol?), V to the volume of the solution
(L), 8 to the equivalent mass of oxygen (g eq?), I to the current intensity (A), t to the electrolysis time

(s for CE or h for EC) and Ec.i to the average potential difference of the cell (V).
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VI1.2.4 SEM ANALYSIS

The morphological properties of the anodes, before and after use, were analysed by scanning electron
microscopy (SEM) with a VEGA3 SBH-TESCAN equipment.

V1.2.5 NEURONAL STUDIES

Brain slice studies were performed in transverse hippocampal slices (400 um thick) obtained from
female Wistar rats (31 weeks old). The animals were sacrificed by cervical dislocation and the
hippocampi dissected rapidly from the brain that had been immersed in cooled (5-8 °C) artificial
cerebrospinal fluid (ACSF). This medium contained (in mM): NaCl 124; KCI 3.5; NaHCO3 24;
NaH.PO, 1.25; MgCl; 2; CaCl, 2 and D-glucose 10 (all reagents from Sigma, Sintra, Portugal); pH 7.4.
The six phenolic acids used in the synthetic mixture (100 mg L of each), and in some studies also NaCl
(10 g L), were added to ACSF. The effect of the treated medium that included NaCl (10 g L) was
investigated using a solution with pH 7.4, made by adding the ACSF compounds to it. The slices were
then placed, for at least 1 h, in an oxygenated solution (95 % O, 5 % CO>) prepared adding 20 uM of
the cell-permeant ROS indicator H,.DCFDA (Life technologies, Carslband, CA) to the ACSF medium.
After that period they were kept in oxygenated ACSF, being, for the experiments, transferred to the
experimental chamber. Here they were perfused at 1.5-2 mL min, with the oxygenated medium of
interest that was kept at 30-32 °C.

The optical measurements were performed at the hippocampal mossy fiber synapses, from CA3 area,
using a transfluorescence setup in a microscope (Zeiss Axioskop). This instrument contained a
tungsten/halogen lamp (12 V, 100 W) and excitation and emission filters of 480 nm (10 nm bandwidth)
and >500 nm (high-pass filter), respectively. The emitted light was collected through a water immersion
lens (40x, N.A. 0.75) by a photodiode (Hammamatsu, 1 mm?), connected to a current/voltage converter
(I/V) with a 1 GQ feedback resistance. The data were processed at 1.67 Hz using a 16 bit analog/digital
converter (National Instruments) and analysed using the Signal Express™ software. The average value
of each group of 100 consecutive data points was calculated and is represented in the graphs. To correct
for autofluorescence, all average points from incubated slices were subtracted a value obtained from
data of indicator-free slices. The corrected signals were normalised by the average of the baseline

responses (first 10 points) and are presented as means.e.m.

All experiments were carried out in accordance with the European Communities Council Directive. All
efforts were made to minimise animal suffering and to use only the number of animals necessary to

produce reliable scientific data.
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V1.3 RESULTS AND DISCUSSION

VI1.3.1 EFFECT OF THE NATURE OF THE SUPPORTING ELECTROLYTE

Solutions must have conductivity in order to accomplish electrochemical experiments. The nature and
concentration of the supporting electrolyte normally affects the performance of EO process. Thus,
comparative experiments were carried out in order to treat 1 L of a synthetic solution containing six
phenolic acids (100 mg L) at pH 3.4, by applying 57 mA c¢cm at the Ti/RuO; anode with 10 g L of
two electrolytes: NaCl or Na>SOs. The effect of the electroactive anions of the electrolyte is depicted in
Figure VI.1. As can be observed, the wastewater phenolic content (Figure VI1.1a) and COD removal
(Figure V1.1b) increased over time. In fact, the results clearly demonstrate that the degradation rate
depends on the supporting electrolyte used. The introduction of NaCl led to better degradation values
(TPh removal=100 % and COD removal=64.4 %) than the ones achieved with Na;SOs (TPh
removal=30.4 % and COD removal=6.8 %). This behaviour may be related to the generation of diverse
oxidising species when each salt is applied, which are able to react directly and differently with organic
compounds during the electrolysis. When the sulfate salt was employed, S,0% species were
electrogenerated. These species show low reaction rate with organic compounds. Giannis et al. [21] and
Panizza and Cerisola [9] referred that this oxidant is efficiently generated only using anodes with high
oxygen evolution overpotential, such as the non-active anodes as boron-doped diamond (BDD) or lead
dioxide (PbO,). On the contrary, the anodes used in this investigation are characterised by a low oxygen
evolution overpotential. They are active anodes, promoting mainly the selective oxidation, partially
degrading organic matter. Thus, it is expected that a low amount of these oxidants is produced justifying
the negligible efficiency of Na,SO, as an electrolyte in this system. The addition of chloride promoted
the electrochemical formation of active chlorine species, such as Cl, (Equation (V1.2)), HCIO (Equation
(V1.3)) and OCI~ (Equation (VI1.4)) which are strong oxidising species [2], leading to the rapid
elimination of colour and organic matter (in terms of COD) from the synthetic solution. According to
Chiang et al. [44], among sulfate, nitrate and chloride electrolytes, the last one was the best for the
electrochemical oxidation of refractory organic pollutants. The satisfactory results with NaCl, its low

acquisition cost and relatively high solubility [23] have led to its choice for the following experiments.
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Figure VI1.1. Effect of the nature of the electrolyte on (a) TPh and (b) COD removal over time. Operating conditions: 100 mg L™ of
synthetic phenolic solution, 10 g L™ of electrolyte, pHinia=3.4, current density=57 mA cm?, distance between electrodes=1 cm, T=20
°C.

V1.3.2 EFFECT OF THE CONCENTRATION OF THE ELECTROLYTE

The effect of the concentration of NaCl was tested within the range of 1.8 and 20 g L™ for the removal
of phenolic content and COD (Figure VI.2a and Figure VI.2b, respectively). Moreover, pH evolution
over time was evaluated (Figure V1.2¢). The tests were performed using 1 L of the phenolic synthetic
solution (100 mg L?) at pH 3.4, by applying 57 mA cm?2. As can be observed, an increase in NaCl
concentration favoured a faster TPh removal over time. After 45 min all phenolic content was removed
with 20 g L™ of NaCl, while > 90 % was removed with 1.8 g L after 180 min of treatment. Regarding
COD, degradation values were lower than those obtained for TPh, suggesting that the elimination of
phenolic acids leads to the formation of refractory intermediate compounds that still contribute to the
significant final COD values. During the first 15 min, the degradation profiles were similar
independently of the quantity of NaCl applied but, after this time, the profiles began to differentiate. At
60 min of oxidation, the COD removal was 21.9, 23.1, 31.9, 29.3, 35.9 and 37.7 % for 1.8, 4, 6, 8, 10
and 20 g L, respectively. The process almost progressed as expected, i.e. the COD removal increased
with the concentration of CI~. However, the treatment with 6 g L™* NaCl led to slightly higher removal
than the one with 8 g L. During the following hour, the COD removal was higher when 10 g L of
electrolyte was used as can be seen in the inset of Figure VVI1.2b for 120 min, where a maximum removal
value was achieved for this test. A similar behaviour was also detected by Bonfatti et al. [45]. At the
end of the process, 180 min, the COD removal trend for the different electrolyte concentrations was the
following: 6 g L™ (74.4 %) >8 g L™ (69.3%) >20g L™ (65.8%)>10g L™ (64.4%)>4gL™(62.6%)
>1.8g L (52.5%). The initial behaviour may indicate that at low NaCl concentrations there is a smaller
amount of CI~ ions for promoting the generation of oxidants. Nevertheless, the electrochemical process
using high electrolyte concentrations reach quickly an alkaline pH (Figure VI.2c), favouring the
production of CIO~ species. The concentration of these species may be limited by their anodic oxidation
to Cl03 ion (Equation (V1.10)) and their consecutive oxidation to C103 and ClO; (Equations (VI.11)
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and (V1.12), respectively) [6], which are species with lower oxidation power, leading to a decrease in

the process efficiency.

Cl0O™ + H,0 - ClO; + 2H* + 2e~ (V1.10)
ClO3 + H,0 — Cl03 + 2H* + 2e~ (VI.11)
ClOo3z + H,0 - ClO; + 2H™ + 2e~ (V1.12)

In addition, the loss of C10~ can also happen by its reduction to CI~ ion at the cathode (Equation (V1.13))
and from reactions (Equations (V1.14)—(V1.16)) in the bulk solution [6].

Cl0” + H,0+2e™ - ClI” + 20H™ (V1.13)
2HCIO + CIO™ - ClO3 + 2C1~ + 2H* (V1.14)
2C10~ - 2C1~ + 0, (V1.15)

Cl0™ + H, - CI” + H,0 (V1.16)

The rates of the reactions 2 and 10-13 are normally related to the electrocatalyic activity of the anode,
Cl~ concentration, salt cation, stirring mode, temperature and current density, whereas the waste

reactions in the bulk solution are mainly dependent on the temperature of the system [6].

The concentration of 10 g L™ was then selected to continue the subsequent studies, because after 120
min of oxidation, a COD degradation of 60.2 % was achieved with 23.3 kwh m= of energy consumed
(from Equation (V1.9)), that is about half of the energy needed (47.1 kWh m=) with lower concentration
and longer times (6 g L during 180 min). Moreover, the objective to increase current density was not
possible to fulfil with low NaCl concentrations due to the solution low conductivity. It should be
mentioned that various concentrations of Na;SO4 (4-20 g L) were also tested, but an increase in the
concentration was not reflected in an improvement in the COD removal. In fact, the degradation was
practically the same regardless of the concentration used. In addition, the maximum TPh removal
achieved was 30.4 % with 10 g L, after 180 min. As aforementioned, the efficiency of the results

obtained with Na,SO4 was always significantly lower than that of those obtained with NaCl.

121



PART C. ELECTROCHEMICAL OXIDATION PROCESS

100 f SR R ¢ : % 100 [ a0
' " < 80
% - =) % 60
80 | o @ - 80 | &
- »}.}{. li - g 40 o
2 . g 5. g
3T 60| ¢ E 60f o o .
i m ) 18 4 6 8 10 20
% o - b g meciely @ @ _ =
é O a -0 18gL" 2 40 o g . E ‘O 18gL*
= ;. mo4gL? o % ) W oLt
O 6gL? o9 et O 6gL?
O 8gL* 20 F é{] _ O 8gL*
® 10gL" (o) ) ® 10gL?
O 20gL* ﬁ B O 20gL*
L L L L L L O L L L L L L
30 60 90 120 150 180 0 30 60 90 120 150 180
a) Time (min) b) Time (min)
12
10
8‘ ) P . 5
L 6 o @ a sl N
) [ g
- i " O 18gL"
4@ O W o4gLt
o O 6gL*
O 8gL*
2t ‘@ 10gL*
O 20gL*
O L L L L L
0 30 60 90 120 150 180
C) Time (min)

Figure V1.2. Effect of the NaCl concentration on (a) TPh removal, (b) COD removal and (c) pH medium over time. Inset of Figure
V1.2b: COD removal for the different NaCl concentrations after 120 min of treatment. Operating conditions: 100 mg L of synthetic
phenolic solution, pHinitia=3.4, current density=57 mA cm?, distance between electrodes=1 cm, T=20 °C.

V1.3.3 EFFECT OF THE CURRENT DENSITY AND KINETIC STUDY

The current density is one of the most important parameters in electrochemical oxidation, since it reflects
the driving-force in the migration of charge. Its influence was analysed in the range between 57 and 119
mA cm for the removal of the phenolic content and organic load over time (Figure VI.3a and Figure
V1.3b, respectively) from the synthetic solution with 10 g L™ of NaCl at pH 3.4. The results show that
the increase of the current density causes the enhancement of the rate of phenolic compounds and COD
elimination. In Figure V1.3a, the experiment using 57 mA c¢cm took 60 min to achieve complete TPh
removal, while the tests with 95 and 119 mA c¢cm2 had a similar trend with a sharp rise during the first
30 min, attaining 100 % of removal after 45 min of treatment. Regarding the COD analysis, the total
removal was achieved after 180 min of oxidation in the experiment using 119 mA cm?, followed by the
95 mA cm? with 90.1 % and at last 57 mA cm with 64.4 % of degradation. The COD decay exhibited
an exponential behaviour for all the applied current densities demonstrating a pseudo first-order kinetic

(Equation (V1.17)) for the electrochemical oxidation reaction [20,46].

dCOD

COD
dt

= Kapp (VI.17)
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which gives, after integration and linearisation (Equation (V1.18)),

COD,
ln(

= V1.18
CODt) Kappt (vI18)

where, COD, and COD:x correspond to the COD at the beginning of the experiment and at time t,
respectively and kapp to the apparent pseudo first-order rate constant. Apparent kinetic constants for COD
removal were estimated for the three different applied current densities by plotting In(CODy/CODy)
against time (Figure V1.3c). The following values were achieved 6.7x10° min* (R?=0.934), 1.2x10
min! (R?=0.994) and 1.7x10% min'* (R?=0.982) for the applied current densities of 57 mA cm2 (1=1.2
A), 95 mA cm (1=2.0 A) and 119 mA cm (1=2.5 A), respectively. The increase of the kinetic constants
suggests that a great generation of *OH radicals is promoted as well as the electrogeneration of active
chlorine, favouring the electrochemical oxidation of organic compounds, as a consequence of the
increase of current densities [23,47]. Therefore, the current density of 119 mA cm was selected for the

subsequent experiments.
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Figure VI1.3. Effect of the current density on (a) TPh removal and (b) COD removal over time. (c) Kinetic analysis assuming a pseudo-
first-order reaction for COD removal at different current desnities.Operating conditions: 100 mg L of synthetic phenolic solution,
[NaCl]=10 g L, pHinisa=3.4, distance between electrodes=1 cm, T=20 °C.
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VI1.3.4 EFFECT OF PH

As aforementioned, the pH of the solution is an essential parameter in indirect electrochemical oxidation,
since the electrogeneration of certain oxidising species is dependent on the medium pH [6]. In the case
of the formation of the active chlorine species, until pH 3.0, the main species is Cl g, While the
predominant one in the pH range 3-8 is HCIO and for pH > 8 is C10~. Thus, the system efficiency was
evaluated for three different initial effluent pH values, pH 3.4, followed by pHs 7 and 9 that were
adjusted with NaOH and H>SOs4, whenever necessary. The other operating conditions were kept
constant: 10 g L of NaCl and current density equal to 119 mA cm?2 The timecourse of the
corresponding removal efficiencies for TPh and COD are represented in Figure V1.4a and Figure V1.4b,
respectively. As can be observed, the wastewater phenolic content was rapidly and completely removed
in the first 30-60 min of treatment, regardless of the applied pH. Regarding COD depletion, similar
removals were attained for pHs 7 and 9, within the 90 min of treatment (68.9-69.6 %, respectively).
However, in the experiment with pH 3.4, at that time already 81.4 % of COD had been eliminated. At
the end of the process, the highest COD removal (100 %) was attained for pH 3.4, followed by pH 7
(93.7 %) and at last pH 9 (82.5 %). As theoretically expected, the CI~ mediated oxidation of the
pollutants with the active chlorine species was more extended in acidic than in alkaline media due to the
higher standard potentials of Clz @q) (E°(Cly(aq)/Cl™)=1.36 vs SHE) and HCIO (E°(HCIO/Cl™)=1.49 vs

SHE) than C10~ (E°(C10~/C17)=0.89 vs SHE).

Figure V1.4c depicts the pH evolution for all experiments over time. As can be observed, the curve
corresponding to initial pH 3.4 had a fast rise in the first 50 min, followed by a slower one. In the
experiments, with initial pH 7 and 9, after the rapid increase observed during the first 10-15 min of
treatment, the pH decayed during similar periods, rising again afterwards and more slowly in the final
part of the reaction. The first increase may be associated to the reactions that occur at the cathode, since
at this electrode, water molecules receive electrons and dissociate themselves into hydrogen (H,)
bubbles and hydroxide ions (OH™) (Equation (V1.19)), causing pH increase [18,32].

2H,0 + 2e¢™ - H, + 20H™ (V1.19)

The final pH of all the experiments was around 8.5, which is in the ideal range, according to the
Portuguese Decree-Law 236/98 of 1% of August, to be directly discharged or even to be used in

biological processes. Therefore, pH adjustment of the phenolic effluent for EO is not needed [48-50].
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Figure V1.4, Effect of the initial pH medium on (a) TPh removal, (b) COD removal and (c) pH medium over time. Operating conditions:
100 mg L of synthetic phenolic solution, [NaCI]=10 g L%, current density=119 mA cm?, distance between electrodes=1 cm, T=20 °C.

VI1.3.5 MORPHOLOGICAL ANALYSIS OF THE Ti/RuO; ANODES

The morphology of the Ti/RuO. material was analysed by SEM at a magnification of 500x (Figure

V1.5), before and after the use of the anodes in the EO process at the selected operating conditions (10

g L of NaCl, current density of 119 mA cm and initial raw pH 3.4). The unused anode (Figure V1.5a)

shows microcracks on its surface, a usual feature of DSA, resulting from the sintering processes [51,52].

No significant differences were found in the same anode after the EO treatment (Figure V1.5b). This

result suggests that the removal efficiency of the process can be maintained after several uses of these

anodes.
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Figure VI.5. SEM photographs at 500x of the Ti/RuO, anode material, (a) before and (b) after EO treatment. Operating conditions:
100 mg Lt of synthetic phenolic solution, [NaCI]=10 g L™, pHinia=3.4, current density=119 mA cm?, distance between electrodes=1
cm, T=20 °C.

SEM MAG: 500 x VEGA3 SBH TAIL - University of Coimbra

VI1.3.6 ENERGY CONSUMPTION AND CURRENT EFFICIENCY

Regarding industrial application, it was important to evaluate instantaneous current efficiency (CE—
Equation (V1.8)) and also energy consumption (EC—Equation (V1.9)) as a function of COD removal
(Figure V1.6), for the best operating conditions previously found: 10 g L of NaCl, current density of
119 mA cm and initial raw pH 3.4. As can be observed for the initial COD removal, the CE is about
127 % decreasing over time, while the energy consumption increased along the process treatment. This
high current efficiency can be due to the presence of chloride ions that lead to an additional chemical
oxidation process in the solution bulk [53,54]. For total COD removal, the CE value decreased to 44 %
and EC increased to 115 kWh m 3, This behaviour may be due to the reduction of organic load in the
solution, being favoured the parasitic reaction of oxygen evolution; which means that Equation (V1.7)

is preferred over Equation (VI.6).

Although, the treatment of the phenolic acids effluent with the Ti/RuO, anode is very effective, the
energy consumption of the process is relatively high to be implemented in real context as solely one
step. Nevertheless, this kind of depuration can be used as a pre-treatment [55]
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Figure V1.6. Analysis of the energy consumption (EC) and current efficient (CE) over COD removal. Operating conditions: 100 mg L-
! of synthetic phenolic solution, [NaCl]=10 g L}, pHinia=3.4, current density=119 mA cm?, distance between electrodes=1 cm, T=20
°C.

V1.3.7 EFFECT OF THE SYNTHETIC PHENOLIC EFFLUENT IN NEURONAL ROS SIGNALS

In the EO treatment, 10 g L (equivalent to 171 mM) of NaCl were added to the pollutants mixture to
increase its conductivity. In order to evaluate the effect of this effluent in neuronal ROS signals, brain
slices were perfused with untreated solutions, both without and with that amount of the NaCl electrolyte
(Figure VI1.7a and Figure VI.7b, respectively). In the first case (Figure VI.7a), it can be observed that
the signals decrease rapidly to lower values, almost linearly, and even more rapidly in the medium
containing NaCl (Figure V1.7b).
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Figure V1.7. ROS signals from brain slices evoked by the synthetic phenolic effluent. Effect of the phenolics mixture in ROS signals
recorded in the normal and the pollutants media. The data were acquired using the fluorescent ROS indicator H,DCFDA (20 uM) and
were normalised by the average of the first 10 responses. (a) ROS changes in the presence of the phenolics mixture, applied during the
period indicated by the bar (30 min). (b) The pollutants mixture containing NaCl (171 mM) was applied during the period represented
by the bar.

Both signals were reversible upon washout of the effluent. The effect of the phenolic mixture in the ROS

signals was significantly different after the EO treatment, since the depression had a smaller amplitude
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(0.24+0.05, at 20-25 min) and was followed by a large potentiation upon washout (0.47+0.2 above
baseline, at 65-70 min) (n=3), as shown in Figure V1.8. These signals, that include components from
mitochondrial origin, are largely associated with synaptic activity since neurotransmitter release
depends on the production of energy by that organelle [56]. The mentioned depressions are of the same
type as those evoked by tetraethylammonium (TEA), in the same preparation, in another set of ROS
studies (data not shown). This compound blocks voltage dependent potassium channels, eliciting long
term potentiation (LTP), an intensely studied form of synaptic plasticity [57,58]. The depression is
considered mediated by released zinc that activates presynaptic Kare channels and inhibits voltage
dependent calcium channels [59-62]. Thus, the results indicate that the applied effluents, both the
untreated and the treated one, may interact with cellular processes similar to those activated following
the application of TEA. The raw effluent caused a much larger depression than the treated one and, after
its removal, the ROS signal recovered to the initial value, suggesting that the cells recovered normal
function. The treated solution, caused a slower decay but was followed by a large potentiation and thus

an altered physiological state.

1.8 et .
16
14 F Treated effluent + NaCl

12

o

06

FIF,

04
02

00 F 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80

Time (min)

Figure V1.8. Timecourse of ROS changes induced by the treated phenolic effluent. Normalised fluorescence data obtained from slices
incubated with the ROS indicator H,DCFDA (20 uM). The bar indicates the period (30 min) of application of the treated medium,
containing NaCl (171 mM), being the data represented as mean £ s.e.m (n=3).

V1.3.8 APPLICATION TO A REAL EFFLUENT

Once the operating parameters have been optimised for the synthetic effluent (NaCl electrolyte, current
density of 119 mA cm2 and initial raw pH 3.4.), those conditions were applied to the depuration of a
real OMW. In this experiment, only 5 g L'* of NaCl were added to the system in order to have the same
conductivity as the simulated effluent (16.6 mS cm). Figure V1.9a shows that the phenolic content can
be completely removed after 180 min of treatment even though the removal rates are lower than those
observed for the synthetic effluent probably due to the competition of other dissolved pollutants.

However, at the same time, only 17.2 % of COD removal (Figure V1.9b) was achieved with an energy
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consumption of 162 kWh m=. This removal reveals that over time refractory intermediate non-phenolic
compounds may have been formed and accounted as organic matter. As can be observed in Figure V1.9c,
the timecourse of the pH medium for the real effluent was practically constant (pH=3.3-3.9). Thus, it
could not provide as many oxidants as in the case of the synthetic effluent (pbH=3.4-8.4), leading to a
low removal of pollutants. In literature, some reports dealing with real OMW (CODiyitia=28000—40000
mgO, L?) treated by EO are presented but, normally the wastewater is diluted before use, applying an
organic load similar to the common values (COD=300-1200 mgO. L) of synthetic solutions with
phenolic values [18,24,25]. Thus, one can assume that the removal values obtained in this work are not

so low, and that represent a satisfactory result for a real effluent, at least for TPh removal, after 180 min

of reaction.
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Figure V1.9. (a) TPh removal, (b) COD removal and (c) pH medium over time for the synthetic and real effluent at the best operating
conditions: 100 mg L of synthetic phenolic solution, conductivity=16.6 mS cm™, pHinitial=3.4, current density=119 mA cm?, distance
between electrodes=1 cm, T=20 °C.

In addition, the visual observation of the samples showed that the blackish-brown colour of the real
OMW turned to a yellowish colourisation over time, achieving, at the end of the process, an almost
colourless solution (Figure V1.10). According to Belaid et al. [63], this behaviour can be explained by

the action of the oxidants that were electrochemically generated which promoted the breakage of the
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double bonds in the conjugate chains of the aromatic compounds and discolouration via electrophilic

cleavage of the chromophore groups.

Raw OMW
0 min 1 min 5 min 10 min 15 min 30 min 45 min 60 min 90 min 120 min 180 min

Figure V1.10. Discoloration of the real OMW over time. Operating conditions: 100 mg L of synthetic phenolic solution, [NaCI]=5 g
L, pHiniia=3.4, current density=119 mA cm?, distance between electrodes=1 cm, T=20 °C.

V1.4 CONCLUSIONS

A phenolic synthetic effluent was depurated by an EO process with Ti/RuO; anodes. Different operating
conditions were tested. The nature of electrolyte clearly affected the treatment process, and the increase
in current density had a strong influence in TPh and COD removal. Regarding the concentration of the
electrolyte and the initial pH, a sparingly impact in the system was observed. The best results for
phenolic content and COD removal (100 %) were achieved with the following operating conditions: 10
g L of NaCl, 119 mA cm? and pH 3.4. No significant morphological differences on the surface of
Ti/RuO; anodes were observed before and after the EO process. In the neuronal studies, the untreated
effluents without and with the electrolyte NaCl caused large depressions of the signals. However, both
signals recovered to the initial values upon washout. With the treated effluent, the reduction was smaller
than that observed with the corresponding raw medium containing the electrolyte and, following the
effluent removal, the signal increased reaching a potentiated steady level. Considering that the treatment
eliminated all phenolic compounds, the smaller depression and the large potentiation appearing after
washout, may be due to the action of end products of the EO process. Applying the optimised parameters
to the treatment of the real OMW, 100 % and 17.2 % of TPh and COD removal, respectively, were
attained after 180 min of reaction with an energy consumption of 162 kWh m=,

The electrochemical process is optimised if the initial organic matter load (in terms of COD) at the
beginning of the process is around 300-1200 mgO, L, near the values of phenolic simulated effluents.
Thus, the wastewater could be directly discharged into natural streams, since its analytical parameters
stay within environmental legislation thresholds. This study additionally suggests that the EO process
in question may be used as a pre-treatment for real OMW, since all phenolic content was removed after

180 min of treatment.
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ABSTRACT

The electrochemical oxidation (EO) of phenolic wastewaters mimicking olive oil mill effluents was
carried out in a batch stirring-reactor using Ti/IrO, anodes, varying the nature (NaCl and Na,SOs) and
electrolyte concentration (1.8-20 g L™), current density (57-119 mA cm?) and initial pH (3.4-9).
Phenolic content (TPh) and chemical oxygen demand (COD) removals were monitored as a function of
applied charge and over time. The nature of the electrolyte greatly affected the efficiency of the system,
followed by the influence of the current density. The NaCl concentration and the initial pH influenced
the process in a lesser extent. The best operating conditions achieved were 10 g L of NaCl, current
density of 119 mA cm and initial pH of 3.4. These parameters led to 100 and 84.8 % of TPh and COD
removal, respectively. Under these conditions, some differences were observed by SEM on the surface
of the anode after treatment. To study the potential toxicity of the synthetic effluent in neuronal activity,
this mixture was applied to rat brain slices prior to and after EO. The results indicate that although the
treated effluent causes a smaller depression of the neuronal reactive oxygen species (ROS) signal than
the untreated one, it leads to a potentiation instead of recovery, upon washout. Furthermore, the

purification of a real olive mill wastewater (OMW), with the organic load of the synthetic effluent, using
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the same optimised operating conditions, achieved total phenolic compounds abatement and 62.8 % of

COD removal.

This study demonstrates the applicability of this EO as a pre-treatment process of a real effluent, in order

to achieve the legal limit values to be discharged into natural streams regarding its organic load.

VII.1 INTRODUCTION

Recently, electrochemical processes demonstrated to be attractive alternatives to the conventional
pathways to treat effluents containing toxic and/or refractory organic compounds [1-3]. Among these
processes arose the electrochemical oxidation (EO), an advanced oxidation process (AOP) which
involves in-situ electrogeneration of strong oxidants, allowing a better efficiency in the removal of
organic compounds when compared to analogous techniques, such as ozonation and Fenton’s processes
[4-6]. The required equipment and operations are in general simple and inexpensive; nonetheless
various considerations must be taken into account to optimise efficiency, such as reactor configuration
and experimental conditions (nature of the electrode material, current density, flow dynamic regime, pH
and presence of mediators) [7,8]. This technique is versatile and robust because it allows dealing with
several pollutants and treat diverse volumes of wastewaters Additionally, the reaction can be easily
completed in short times by cutting off the energy and has a rapid start over when an operation problem
occurs [4,5]. EO does not need high temperature and pressure like incineration and supercritical
oxidation systems. Moreover, it is amenable to automation since the electrical variables are simple to
use for data acquisition, process automation and control. However, the main disadvantage of this process

consist of its high operating cost due to the high energy consumption [4,5,9].

The elimination of pollutants by EO may follow two different mechanisms. The first one is the direct
anodic oxidation, where the contaminants are diffused from the bulk solution to the anode surface, being
destroyed there by direct charge transfer. In the second mechanism, indirect reaction, a mediator is
introduced and an oxidant is electrochemically generated to carry out the oxidation in the liquid. Both

pathways may coexist during oxidation.

The use of chloride ions has already been widely studied as a mediator to test the performance of EO
[4], since their addition enhances pollutants removal efficiency because of the electrogeneration of
active chlorine. In addition, the presence of these ions in many wastewaters and natural waters make the
participation of active chlorine predictable [10]. The oxidation of the chloride (C17) ion on the surface
of the anode leads to the generation of chlorine (Cl,) (Equation (V11.1)), which is further hydrolysed
being disproportionated to HCIO (hypochlorous acid) and C1~ (Equation (V11.2)). In the bulk solution,
the HCIO is in equilibrium with OCI~ with pKa=7.55 (Equation (V11.3)) [5,11,12].
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2CI" - ClZ(aq) + 2e” (VILY)
Cly(aq) + H,0 —» HCIO + CI™ + H* (VI1.2)
HCIO € H* + 0Cl~ (VI1.3)

Some researchers have demonstrated that the effect of NaCl as mediator significantly depends on the
anodic material [13,14]. Great attention has been given to dimensionally stable anodes (DSA) due to
their stability and oxidation ability. Metal and mixed-metal oxide electrodes as RuO, and IrO; have
largely been applied to the chloralkali industry due to their catalytic efficiency [15]. These electrodes
are widely used in environmental electrochemistry because of their low cost, easiness of preparation,
excellent mechanical stability, long service lifetime and reasonable electrocatalytic activity [1,12,16—
18]. Comparing these two anode materials, IrO, and RuO, the former one is especially remarkable since
it reveals high corrosion resistance and it is only slightly inferior to RuO- in terms of electrocatalysis
performance. In addition, it is recognised as a good electrocatalyst for the oxidation of organic

compounds due to the formation of adsorbed hydroxyl radicals (Equation (V11.4)) [19].
Ir0, + H,0 - IrO,( *OH) + H* + e~ (VI1.4)

Some works have already used the Ti/RuO; and Ti/lrO; anode materials to treat phenolic compounds
normally present in the seasonally produced olive mill wastewaters (OMW). These substances present
high pollutant load and are toxic to the environment [20]. Moreover, they are biorecalcitrant, not being

able to be removed by biological treatment.

Polcaro et al. [21] studied the selectivity oxidation of the phenolic fraction from solutions containing
organic matter (glucose) at boron doped diamond (BDD) and Ti/RuO; anodes. Both materials showed
to perform selective processes with different operating conditions. For instance, a good selectivity of
the electrochemical system could be attained with low current densities and high mixing rates at BDD
anodes. In addition, a fast and selective removal is achieved at Ti/RuO; anode at low mixing rates, high
current densities and a chloride concentration between 1.0-2.5 g L. Other authors [22] also tested the
Ti/RuO; anode but focused on a treatment without any previous or post-process to depurate this kind of
wastewaters. The best operating conditions (135 mA ¢cm, 2 M NaCl, 0.028 m*h™* and 40 °C) led to
almost complete removal of COD, phenolic content, turbidity and oil-grease concentration with an
energy consumption involving 0.88 € Kgcop removea*. Ti/RUO2 and Ti/IrO, anodes present good activity
for the treatment of OMW, allowing the reduction of pollutants and the removal of turbidity and toxicity
[23]. When both these DSAs were applied to an anaerobically digested OMW, Ti/RuO; led to almost
complete removal of COD, phenols and colour. Although not providing as high removals as the previous
electrode, the Ti/lrO, may be considered useful in the selective depuration of phenolic wastewaters prior

to a biological treatment. The stability and the activity of Ti/lrO, anode was followed by Chatzisymeon
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et al. [24], realising that these parameters depend on current densities applied for oxygen evolution and

on the type of compound to be oxidised.

The main objective of this work was to analyse the effect of that anode material on the depuration of a
synthetic mixture of six phenolic acids usually present in OMW. The assessment of its activity is given
in terms of total phenolic content (TPh) and chemical oxygen demand (COD) removal, taking into
account different operating conditions, such as the nature/concentration of the electrolyte, current
density and initial pH. After achieving the best operating conditions, the morphology of the anode was
analysed before and after use. The possible application of such technology to depurate a real OMW was
then evaluated. In recent years diseases of the central nervous system, that are affecting a growing
number of people limiting their everyday life, are one of the main focus of biomedical research. In
particular, synaptic activity and its major property, plasticity, that is involved in cellular learning [25],
may be highly affected by pollutants of industrial origin. These include phenolic acids, present in large
amounts in OMW that may interfere with the production of neuronal reactive oxygen species (ROS) and
cause cellular degeneration [26—-28]. For these reasons another aim of the work was to study the impact
of the synthetic phenolic effluent in synaptic ROS formation. To the best of our knowledge, this kind of

analysis was never performed for EO systems.

VIL.2 EXPERIMENTAL

VI1.2.1 SYNTHETIC AND REAL EFFLUENT

The synthetic effluent was prepared using a concentration of 100 mg L™ of each phenolic acid (3,4-
dihydroxybenzoic, 3,4-dimethoxybenzoic, 3,4,5-trihydroxybenzoic, 3,4,5-trimethoxybenzoic, 4-
hydroxybenzoic, trans-3-phenylacrylic) normally found in OMW [29]. The phenolic compounds

structure and characteristics are collected in Table VII.1.

140



CHAPTER VII. PHENOLIC WASTEWATERS DEPURATION BY
ELECTROCHEMICAL OXIDATION PROCESS USING Ti/IRO2 ANODES

Table VII.1. Characteristics and chemical structure of phenolic acids.

IUPAC name Common name M (g mol™) Chemical structure
O
. I - OH
3,4-dihydroxybenzoic acid Protocatechuic acid 154.12
HO
OH
O+ OH
3,4-dimethoxybenzoic acid Veratric acid 182.17
OCHj;
OCH3
0
HO
) - - OH
3,4,5-trihydroxybenzoic acid Gallic acid 170.12
HO
OH
Osx_OH
3,4,5-trimethoxybenzoic acid Trimethylgallic acid 212.20
H3CO OCHj
OCH;
O._OH
4-hydroxybenzoic acid - 138.12

OH
@]
trans-3-phenylacrylic acid trans-cinnamic acid 148.16 @A\)J\OH

A real olive mill wastewater (OMW) was obtained from a mill located in the Extremadura region of

Spain. The stream presented a dark brownish colour and a strong olive smell. The main characteristics
of the effluents applied in the study are depicted in Table 2. Both wastewaters, synthetic and real, have
an acidic character with low conductivity < 2.50 mS cm [30]. The high content of phenolic acids,
determined as TPh (323-384 mgGA L), is representative of this kind of wastewaters, being one of the
key parameters to be reduced by the treatment, as well as the amount of organic matter (1118-6530
mgO; L) expressed by the chemical oxygen demand (COD). According to the Portuguese Decree-Law
236/98 of 1t August, a wastewater only can be discharged into a natural stream if COD values are lower
than 150 mgO, L. Moreover, a high amount of solids in the real OMW (2574+181 and 3562+34 mg L
L in total suspended solids—TSS and total dissolved solids—-TDS, respectively) was determined. The
OMW was filtered using a sequence of three sieves Retsch (297, 210 and 105 mm) and filter paper of
45 pum in order to reduce the solids, achieving 5832+63 mgO; L™ and 352+35 mgGA L of initial COD
and TPh values, respectively. To compare the removal efficiency of the EO process for the synthetic

and real effluents, the filtered OMW was diluted 6 times with distilled water in order to achieve an initial
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COD value similar to the simulated effluent, obtaining 1004+7 mgO, L™ and 77+9 mgGA L™ of initial
COD and TPh values, respectively.

Table VI1.2. Main characteristics of the synthetic and real effluents.

Characteristics Synthetic effluent (Ff)z?:)?g;ﬁip;ﬂon) (F:;?;rem :Jreargon)
pH 3.4+0.3 4.3+0.1 43+0.1
Conductivity (mS cm'?) 0.14+0.01 1.59+0.01 1.53+0.01

TPh (mgGA L?) 323+7 384+35 352+35

COD (mgO, LY 1118+41 6530+11 5832+63

TSS (mg L™ - 2574181 -

TDS (mg L?) - 3562+34

VI11.2.2 ELECTROCHEMICAL OXIDATION (EO) PROCEDURE

EO was carried out in a lab-scale monocompartimental batch-stirred reactor of Perspex at atmospheric
pressure and thermostated at 20 °C [31]. At the beginning of each experiment, the reactor was charged
with 1 L of synthetic effluent or with real effluent. The Ti/lrO, material worked as anode and the
stainless steel (SS) as cathode with an effective area of 21.1 cm? (4.0 x 2.5 x 0.1 cm). The electrodes
were placed in parallel with a gap distance of 1 cm, linked to a DC power supply HY 3010 Kaise (1=1.2—
2.5 A). Samples were periodically withdrawn and centrifuged at 3500 rpm (Nahita 2655) for further
analysis. NaCl and Na;SOs were individually used as electrolytes in order to promote higher
conductivity to the synthetic solution. This parameter was measured using a Consort C863 instrument.
The initial pH of the synthetic solution was modified between 3.4 and 9, using NaOH at 3 M or H2SO4
at 2 M, whenever required. In addition, pH medium was followed during the treatment time by a
HANNA pH meter, but not corrected. Some experiments were randomly run in duplicate to ensure the

reproducibility of the results.

VI11.2.3 ANALYTICAL TECHNIQUES

Total phenolic content (TPh) was measured in terms of gallic acid (mgGA L) using a T60 PG
Instruments spectrophotometer at 765 nm by the colourimetric Folin Ciocalteau method, as described
elsewhere [32]. Chemical oxygen demand (COD) was analysed by the closed reflux method (5250D)
using potassium dichromate as oxidant [33]. The samples collected during the experiments were
digested in a thermal reactor (Eco 25, VELP Scientifica) at 150 °C during 120 min and then, the
absorbance was measured at 605 nm in a photometer (Photolab S6, WTW). The calibration curve was
prepared using standard solutions of potassium hydrogenphthalate (CsHsKO4) with COD values within
the range 0-1200 mgO; L™*. Total dissolved solids (TDS) and total suspended solids (TSS) were carried
out according to the Standard Methods (method 2540C and 2540D, respectively) [33]. Analytical
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determinations were accomplished at least in duplicate to minimise experimental errors and the
maximum deviations were 10, 8, 5 and 5 %, for TPh, COD, TDS and TSS, respectively.

The energy consumption (EC) per volume of treated effluent was determined in terms of kwh m=
according to Equation (V11.5) [34]. Moreover, based on the amount of COD removed, current efficiency
(CE) for the electrochemical oxidation of pollutants was determined by Equation (V11.6).

Ecell It

EC(kWhm™3) = — (VI1.5)

_ (COD, —CODYFV

CE(%) = aIt 100 (V11.6)

where Ecei corresponds to the average potential difference of the cell (V), | to current intensity (A), t to
the electrolysis time (h for EC or s for CE), V to the solution volume (L), CODq to the initial chemical
oxygen demand (gO; L), COD:; to the chemical oxygen demand (gO; L) at time t, F to the Faraday
constant (96487 C mol™) and 8 to the equivalent mass of oxygen (g eq™).

V11.2.4 MORPHOLOGICAL CHARACTERISATION OF THE ANODE

The morphological properties of the anode were analysed before and after use by SEM (scanning
electron microscopy) at 500x magnification with a VEGA3 SBH-TESCAN equipment.

VI11.2.5 DETECTION OF REACTIVE OXYGEN SPECIES (ROS) SIGNALS FROM BRAIN SLICES

The biological preparation consisted of hippocampal slices from 31 weeks old female Wistar rats. The
animals were sacrificed by cervical dislocation and after dissecting the hippocampus from the cooled
brain, kept in artificial cerebrospinal fluid (ACSF), at 5-8 °C, the slices were cut transversely with a set
of parallel, equally spaced (400 um), blades. The ACSF medium had the following composition (in
mM): NaCl 124; KCI 3.5; NaHCOs 24; NaH,PO, 1.25; MgCl, 2; CaCl, 2 and D-glucose 10 (reagents
from Sigma, Sintra, Portugal) at pH 7.4. The constituents of the synthetic effluent, with 10 g L* of NaCl,
equivalent to 171 mM, were added to the ACSF medium. For the studies with the treated medium, that
included also NaCl (10 g L), a solution with pH 7.4 was prepared adding the ACSF compounds to it.
The slices were incubated, for 60 min, at room temperature, in a solution consisting of ACSF plus 20
UM of the permeant form of H,DCFDA (Life technologies, Carlsband, CA), the ROS indicator used.
After incubation the slices were transferred to the normal ACSF medium, kept also at room temperature,
from where they were taken to the experimental chamber. Here, the perfusion solution was maintained
at 30-32 °C and circulated at 1.5-2 mL min. All media bathing the slices were continuously oxygenated

(95 % Oy, 5 % CO,). The optical data, obtained in the presence of ACSF or a pollutant medium, were
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acquired at the mossy fiber synapses from hippocampal CA3 area, through a fluorescence microscope
(Zeiss Axioskop). Transfluorescence measurements were made using a tungsten/halogen light source
(12 V, 100 W), a narrow band (10 nm) interference excitation filter (480 nm) and a high-pass emission
filter (> 500 nm). Emitted light was detected by a silicon photodiode (Hammamatsu, 1 mm?) after being
collected by a water immersion lens (40x, N.A. 0.75). The signal from the photodiode, after passing
through an I/V converter (with 1 GQ feedback resistance) entered a 16 bits analog/digital converter
(National Instruments), being processed at 1.67 Hz and displayed using the Signal ExpressTM software.
The data were corrected subtracting the autofluorescence component, estimated from non-incubated

slices, and normalized by the average of the first 10 baseline responses, being presented as mean + s.e.m.

All experiments were carried out in accordance with the European Communities Council Directive
(2010/63/UE). Al efforts were made to minimise animal suffering and to use only the number of animals
necessary to produce reliable scientific data.

VII1.3 RESULTS AND DISCUSSION

VI11.3.1 EFFECT OF THE NATURE AND CONCENTRATION OF THE SUPPORTING ELECTROLYTES

Two different electrolytes, NaCl and Na,SO; at 10 g L, were separately studied in order to test their
effect in terms of TPh and COD removal (Figure V11.1) for the depuration of 1 L of a simulated phenolic
solution at pH 3.4, by applying 57 mA cm using the Ti/IrO, anode.
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Figure VI1.1. Effect of the nature of electrolytes on TPh and COD removal as a function of the applied charge. Operating conditions:
100 mg L* of synthetic phenolic solution, 10 g L™ of electrolyte, pHinitia=3.4, current density=57 mA cm?, distance between electrodes=1
cm, T=20 °C.

As can be observed, for an applied charge of 3.6 Ah L%, corresponding to 180 min of treatment, a
complete phenolic degradation is achieved with the utilisation of the NaCl salt, while with the Na;SO4

electrolyte, only 11.3 % is removed. Regarding COD, the maximum abatement, 52.2 %, was reached
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with NaCl, having the addition of Na,SO., almost no effect on the removal of organic matter. The results
indicate that the TPh removal rate is higher than that of COD. This behaviour is due to the break of
phenolic acids molecules that are generally easily degradable into more recalcitrant compounds which
may be difficult to remove during the oxidation process. In addition, these tests clearly show that the
nature of the electrolyte significantly affects the performance of the process, since the electrogenerated
species from each salt are not the same, thus promoting different oxidant routes to react with organic
compounds during the treatment process, as also pointed out by Giraldo et al. [35]. The kind of anode
material used will also influence how efficiently the oxidants are generated. For instance, the generation
of the persulfate oxidant (S,0%™) is favoured when anodes with high oxygen evolution overpotential
(boron doped-diamond or PbO,) are used, while the electrode materials based on platinum or on a
mixture of metal oxides, such as IrO2, RuO; or TiO,, are the most employed for the in situ generation
of active chlorine species (Equations (VI1.1)—(VI11.3)) [12]. These active anodes mainly favour the
selective oxidation, which leads to the partial degradation of organic matter (R), Equation (VI1.7) and
Equation (V11.8) [4,14,36].

IrO,( *OH) - IrO; + HT + e~ (VIL7)
IrO; + R —» IrO, + RO (VIL8)

Different amounts of NaCl (1.8-20 g L) were used in order to evaluate its effect on electrochemical
assays. Figure VII.2a represents the removal of phenolic content as a function of the applied charge. As
can be observed, TPh removal rises with the increase of the supporting electrolyte concentration. The
experiments with 1.8 g L%, 4 g L™t and 6 g L™ followed close removal values up to 1.8 Ah L of applied
charge (COD removal=56.1-61.7 %), while for the tests with 10 and 20 g L™, this charge corresponded
to the degradation of 85.1 and 100 %, respectively. At the end of the process (3.6 Ah L?), every
experiment achieved total removal, except one, the test with 1.8 g L™ of NaCl (73.7 %). This situation
might be due to the insufficient formation of oxidants to eliminate the phenolic content. Figure VI1.2b
reveals that the organic load decreased with all NaCl concentrations studied and the profiles were quite
analogous along with the applied charge. At 3.6 Ah L™, the highest COD removal obtained was with 10
g L (52.2 %) followed by 6 g L™ (51.8 %), 4 g L™ (47.6 %), 20 g L™ (45.4 %) and 1.8 g L (39.7 %).
As can be noticed, the electrochemical process is negatively affected by the presence of high
concentrations of C1~ ions ([NaCl] >10 g L). At the experiment with 20 g L, an alkaline pH medium
(inset of Figure V11.2b) can be rapidly achieved allowing the formation of CI0~. The concentration of
these species can be diminished by their anodic oxidation to C103 ion and their consecutive oxidation
to chlorates (ClO3) and perchlorates (ClO;) [37—40]. The probable formation of these chlorinated
organic intermediates and final compounds, which can be more hazardous than the initial components,

may hinder the application of EO, thus, requiring control on the amount of electrolyte added.
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Another interesting feature is the energy consumption achieved by each trial. As can be observed in
Figure VII.2c, although EC decreases when more salt is added to the system from 1.8 to 10 g L%, higher
COD removals are obtained, which is beneficial for the process operation costs. Indeed, as shown in
Figure VI1.2d, higher conductivity is promoted in the system, leading to the decrease of the resistance

in the medium (which implies a lower potential difference—Figure VII.2e), diminishing EC and

enhancing the degradation of the organics. Moreover, for similar final EC values (35.9-38.8 kWh m?,

Figure VI1.2¢), it was found that a higher COD removal was obtained for the 10 g L™ experiment (52.2

%) than with the introduction of greater amounts of salt, 20 g L with 45.4 % of removal. Additionally,

comparing the final COD decay of the assays with 6 and 10 g L%, they were quite similar, but using the

higher NaCl concentration led to an energy consumption 1.2 times smaller. Therefore, the concentration

of 10 g L of NaCl was chosen to continue the experiments.
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Figure VI1.2. Effect of the NaCl concentration on (a) TPh removal, (b) COD removal, (c) energy consumption, (d) conductivity and (e)
cell potential. (a), (b), (d) and (e) as a function of the applied charge and (c) over COD removal. Inset of Figure VI11.2: Evolution of pH
medium at different NaCl concentrations. Operating conditions: 100 mg L of synthetic phenolic solution, pHinta=3.4, current
density=57 mA cm?, distance between electrodes=1 cm, T=20 °C.

V11.3.2 EFFECT OF CURRENT DENSITY

The effect of the current density was analysed between 57 and 119 mA cm2 at pH 3.4, with a distance
between electrodes of 1 cm and NaCl concentration of 10 g L. Figure VI1I.3a represents the TPh
removal as a function of the applied charge and as can be observed, phenolic content decay improved
with the increase of the applied charge, regardless the applied current density. Complete TPh removal
was achieved between 2.4 and 3 Ah L for all the experiments. Analysing the timecourse of the results
(Figure VI11.3b), it can be seen that there is a significant decrease of TPh (100 % removal) during the
first 60 min of oxidation with 119 mA cm?, followed by 95 mA cm2 after 90 min. In the case of the
experiment with 57 mA ¢cm double time (120 min) was needed to obtain a similar removal value. This
means that the application of a fixed charge to achieve a certain TPh abatement, can be made either with
high current densities with low treatment times or vice versa. Furthermore, the experiment with 57 mA
cm? until 3.6 Ah L of applied charge seems to have slightly higher COD removal values (Figure
V11.3c) than the other assays even though its efficiency begins to decrease after 2.4 Ah L. Moreover,
Figure VI11.3d, which displays the decay timecourse of organic compounds, shows that in this case the
maximum COD removal reached after 180 min (= 52.2 %) can be attained with much lower times for
higher current densities. Indeed, for 119 mA c¢cm only 90 min are enough to get the same efficiency,
being then possible to conclude that by doubling the current density, only half of the time is necessary
to achieve the same COD removal. Also, at the end of the EO process, the highest COD removal was

84.8 % at 119 mA cm.Thus, this current density was then selected to carry on the subsequent studies.
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Figure VI1.3. Effect of the current density on (a,b) TPh removal and (c,d) COD removal as a function of the applied charge (a,c) and
over time (b,d). Operating conditions: 100 mg L of synthetic phenolic solution, [NaCI]=10 g L, pHinia=3.4, distance between
electrodes=1 cm, T=20 °C.

VI11.3.3 EFFECT OF INITIAL PH

The pH of solutions plays an important role in indirect electrochemical oxidation, since the
electrogeneration of specific oxidising species strongly depends on this parameter. For that reason, the
effect of the initial pH value (pHo) has been investigated in the range 3.4 — 9 at 119 mA cm with 10 g
L™ of NaCl (Figure V11.4). The results demonstrate that the acidic conditions led to higher TPh and
COD abatements (Figure VIl.4a and Figure V1I1.4b, respectively) than neutral or alkaline media. This
result is remarkable because most studies conducted in the presence of NaCl are performed at alkaline
pH to minimise the reduction of efficiency due to chlorine free evaporation [8,39]. At pHo 7 and 9,
complete phenolic content degradation (Figure V11.4a) was obtained after 5 Ah L applied charge (120
min of treatment), while only 2.4 Ah L™ (60 min of oxidation) were required when operating at pHo 3.4.
At this latter pHo, 84.8 % of COD was removed with 7.5 Ah L of applied charge, while for the same
amount of charge, the experiments at pH 7 and 9 achieved 64.1 % and 62.1 %, respectively (Figure
VI1.4b). In fact, depending on the pH of the medium, different distributions of aqueous chlorine species
may be obtained [41]. Generally, until pH 3, the main generated specie is Cl; (ag), While in the pH range
of 3-8 is HCIO and for pH > 8 is CIO~. Then, the oxidation of organics mediated by the active chlorine
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species is faster in acidic than in alkaline media due to the higher standard potential of Cl; (aq) (E°=1.36
vs SHE) and HCIO (E°=1.49 vs SHE) than that of CI0~ (E°=0.89 vs SHE). Moreover, it can be observed
in the inset of Figure VI11.4b that the highest current efficiency, 37.6 %, occurs for the experiment with
pH 3.4. This means, however, that the most part of the energy consumed is not totally used to oxidise

the organic compounds but is also used in parasitic reactions as oxygen and chlorine evolution.

Figure VIl.4c displays the pH evolution as a function of applied charge. As can be observed, the pH of
the solutions changed during the oxidation process. Particularly, in the experiments with initial pH of
3.4 and 7, this parameter increased up to 8.3 and 8.6, respectively. Meanwhile, at initial pH 9, a small
pH change was observed throughout the experiment, ending with a pH of 8.8. Similar behaviour was
described by Rajkumar et al. [42] and Scialdone et al. [8] during the electrochemical oxidation of
organics in the presence of chlorides. In addition, the rise of pH during the delivery of charge may be
explained by the reactions that occur at the cathode since, at this electrode, water molecules receive
electrons and dissociate themselves into hydrogen (H.) gas and hydroxide ions (OH™) (Equation
(VI11.9)), causing a pH increase [43,44].

2H,0 + 2~ — H, + 20H" (VIL9)

As aforementioned, the final pH of the experiments was around 8.3 and 8.8. Rajkumar et al. [42] tried
to justify the final pH values by the formation of bicarbonate buffer, since the hydroxide ions (OH™)
may react with the carbon dioxide generated during pollutants oxidation, leading to the buffer formation.
This final pH range is within the legal limits for wastewater discharge both in sewage and natural water
courses, according to the Portuguese Decree-Law 236/98 of 1% of August. As a result, the pH adjustment

over the electrochemical oxidation process is not necessary.

100 t 100 |
B pH 3.4
40 pH7
80 r 80 I pH9
= 30
—_ <o E3
g\f/ é’ 8 20
T 60 T 60}
o =) 10
£ 5
= i [a) [ o 7=
£ 4 e 40 7
5
Z
7
20 b 20 g
é
? é
0 7zl ZEl 7| 2 7! Z) 0 Z 2 —
06 1.3 19 25 38 . 0 004 02 04 06 13 19 25 38 5 75
a) Q(AhLY b) Q(AhLY

149



PART C. ELECTROCHEMICAL OXIDATION PROCESS

12
l 4
0 o 0O
O
8 o0 e T 9 h
@
:Ié 6 ® { J ]
4lg ® ]
[ J @ pH34
O pH7
2 Q- pHY 1
0 L L L L L L L L L
00 08 16 24 32 40 48 56 64 72 80
c) Q(AhL™)

Figure VI11.4. Effect of the initial pH medium on (a) TPh removal, (b) COD removal and (c) pH medium evolution as function of the
applied charge. Inset of Figure VI1.4b: Current efficiency at 7.5 Ah L™ for the different initial pH mediums. Operating conditions: 100
mg L™ of synthetic phenolic solution, [NaCI]=10 g L%, current density=119 mA cm?, distance between electrodes=1 cm, T=20 °C.

VI11.3.4 Ti/lrO, ANODE MORPHOLOGY

The morphology of the Ti/lrO, material was analysed by SEM at a magnification of 500x (Figure VII.5),
before and after its use in the EO process at the selected operating conditions (10 g L of NaCl, current
density of 119 mA cm2 and initial raw pH 3.4). The unused anode (Figure VI1.5a) showed a surface
with a porous mud [45,46]. After the EO treatment, the same anode presented some irregularities on its

surface (Figure VI1.5b). This modification suggests that the surface of the anode is eroded.

CSEMMA5OKV | WD1490mm ' o VEGA3 TESCAN SEMHIE 5.0 | w |

TAIL - University of Coimbra TAILL - University of Coimbra

a) b)

Figure VI1.5. SEM photographs at 500x of the Ti/lrO, anode material, (a) before and (b) after EO treatment. Operating conditions:
100 mg Lt of synthetic phenolic solution, [NaCI]=10 g L™, pHintia=3.4, current density=119 mA cm?, distance between electrodes=1
cm, T=20 °C.
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V11.3.5 IMPACT OF THE PHENOLIC EFFLUENTS IN NEURONAL ROS ACTIVITY

The efficiency of the EO treatment was evaluated in brain slices. After 10 min in the control (ACSF)
solution, the slices were perfused for 30 min with the untreated or treated effluent. This was then

removed and the normal medium was circulated again, for the same period.

Figure VI11.6 shows the timecourse of normalised fluorescence changes evoked by the treated effluent.
After an initial rapid decay towards a minimum (0.67+0.05, at 15-20 min, n=3), the signal recovered
reaching the baseline approximately 10 min after washout. It continued to increase and became stable
(1.26+0.06, at 65-70 min, n=3) at the end of the new period in ACSF. The amplitude of the depression
observed in the untreated and treated media were quite different as can be seen in the inset of Figure
VIL6. Thus, in the presence of the raw effluent, the changes were larger and the signal recovered,
reaching the initial value at the end of the following control period. As for the treated effluent, a large
potentiation was observed during this control period. These results show that before treatment the
phenolic mixture caused a pronounced decrease in the synaptic ROS signal that recovered completely
upon returning to the control medium (ACSF). After treatment the depression was smaller but following
the removal of the effluent, the signal reached a high level above baseline. With respect to the
depression, a signal reduction was also evoked, in the same preparation and using the same ROS
indicator, by the voltage dependent potassium channel blocker tetraethylammoniun (TEA) (data not
shown). It is considered that the membrane depolarisation evoked by TEA leads to a sequence of events
including glutamate and zinc co-release, the activation of Karer channels and inhibition of voltage
dependent calcium channels by zinc, causing the depression [47-51]. Thus, the phenolic mixture used
may interfere with similar cellular pathways as those activated following the potassium channels
blockade by TEA. Those pathways are likely to involve mitochondrial reactions triggered by the TEA-
evoked membrane depolarisation. This causes calcium entry to the presynaptic terminal, that is

necessary for providing the energy required for vesicle fusion and neurotransmission.
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Figure VI1.6. Neuronal ROS signals evoked by the synthetic effluent plus NaCl. The points indicate the normalised amplitude of
fluorescence signals recorded with the ROS indicator H,DCFDA (20 uM), in the absence and presence (period indicated by the bar)
of the treated effluent. Inset: The white bars represent the normalised amplitude of the depression in the presence of the raw effluent
(left bar) and of the signal at the end of the washout period (right bar). The grey bars represent the equivalent data obtained for the
treated effluent. The data were acquired using the ROS indicator H,DCFDA (20 uM) and are represented as the mean + s.e.m (n=3)
for the treated effluent.

VI11.3.6 APPLICATION TO A REAL EFFLUENT

The previously optimised operating parameters for a synthetic OMW, i.e., 10 g L of NaCl, current
density of 119 mA cm and raw pH were tested in an electrochemical treatment of an effluent with the
same initial COD charge (CODo=1004+7 mgO- L™) obtained from a real wastewater. An experiment
with the effluent without dilution (CODy=5832+63 mgO, L) was also carried out for comparison
purposes. As can be observed in Figure VI11.7a, the real diluted effluent, with lower initial TPh value (77
mgGA L), needed lesser applied charge (1.3 Ah L) than the synthetic one, while the undiluted real
effluent requires a higher value (7.5 Ah L) to achieve total phenolic removal. In addition, the inset of
Figure VI1.7a also demonstrates that the test with the diluted real wastewater achieved quicker the pH
for the generation of active chlorine than the simulated effluent, promoting the faster removal of
phenolic compounds. According to Figure VI1.7b, after 7.5 Ah L of charge is applied (180 min) the
final COD removal (62.8 %) for the experiment with the real diluted effluent was 22 % lower than the
value obtained for the synthetic mixture.This means that the high complexity of the real effluent must
be bear in mind [24], since some scavenger species may be in solution inhibiting the action of the
oxidants. Under the same conditions, the COD decay for the assay with the undiluted effluent did not
go beyond 16.5 %, because of the higher concentration of organic matter in the beginning of the
treatment and possible potentiation of the scavenging behaviour. There was an interesting phenomenon
in this last experiment, in which the COD seems to increase during the initial stage of the reaction. This
might have occurred due to oxidative polymerisation of certain compounds such as phenols and tannins
normally present in real OMW, as already observed in other studies conducted by Khoufi et al. [52],

Gotsi et al. [44] and Papastefanakis et al. [23]. Additionally, in a lesser extent, the dissolution of the
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unfiltered solids during the EO could also be accounted as organic matter as also pointed out by Kotta
et al. [53].
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Figure VI1.7. (a) TPh removal and (b) COD removal as function of the applied charge. Inset of Fig. 7a: Evolution of pH medium over
the applied charge. Operating conditions: 10 g L™ of NaCl, current density=119 mA cm?, raw pH, distance between electrodes=1 cm,
T=20"°C.

The decolourisation of the undiluted and diluted real OMW can be observed by naked eye over time and
as a function of the applied charge in Figure VII1.8. The colour decay in those two experiments is
consistent with the results obtained for TPh removal (Figure VI1.7a), suggesting that the phenolic

content present in the actual wastewater is largely responsible for its brownish dark colour [23].
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Figure VI1.8. Discolouration of the undiluted and diluted real effluents (RE) over time and as a function of the applied charge.
Operating conditions: 10 g L™* of NaCl, current density=119 mA cm?, raw pH, distance between electrodes=1 cm, T=20 °C.

At the end of the process (7.5 Ah L and 180 min), the energy consumptions achieved for the simulated
effluent and for the undiluted or diluted real OMW tests were 135.8 and126.7 or 107.0 kWh m?,
respectively. These values are within the range obtained by Panizza and Cerisola [16], who have also

tested the treatment of OMW by anodic oxidation using another anode material, the Ti/TiRuO..

Regarding the optimised operating conditions used, the phenolic compounds and colour can be
completely removed. Nevertheless, since the standards to the effluent be discharged in natural streams
was not accomplished to ensure a concentration of organic pollutants (COD) below a value of 150 mgO»

L, this electrochemical process can be envisaged as a pre-treatment system.
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VII.4 CONCLUSIONS

The electrochemical oxidation of synthetic phenolic wastewaters was successfully attained with Ti/IrO>
anodes in the presence of chloride ions. The best operating conditions were 10 g L™ of NaCl, 119 mA
cm 2 of current density and initial pH of 3.4, which allowed 100 and 84.8 % of TPh and COD removal,
respectively. This initial pH increased over time to neutral-alkaline conditions, which is an interesting
feature for a possible industrial application of this EO process. During the tests, it was notable the effect
of the nature of different electrolytes in process efficiency. Regarding NaCl concentrations and initial
pH, a sparingly effect in the system was achieved by these parameters. The current density had a strong
influence on phenolic compounds and organic matter removal over time. Considering the morphological
characteristics obtained by SEM, some changes occurred on the surface of the anode after the EO
treatment. The ROS studies performed in brain slices show clear differences of the impact of the
untreated and treated effluents in neuronal activity. The smaller depression, observed with the treated
medium, suggests that if phenolic compounds were completely removed after the treatment, as the
previous results indicate, then other compounds may have been formed during the treatment that account

for it. These may also be responsible for the enhancement of the signal, upon washout of the effluent.

When the optimised operating conditions were applied to a real OMW, complete TPh removal was
achieved and 16.5 or 62.8 % of COD removals were attained, with the undiluted or diluted effluent,
respectively. This means that EO is an efficient method to remove phenolic content, while it can also be
used as a pre-treatment of subsequent degradation processes to attain the legal limits of organic load (in

terms of COD) to be discharged in natural streams.
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ABSTRACT

The anodic oxidation of Amaranth dye has been studied by electrochemical measurements (cyclic
voltammetry and polarisation curves) and bulk electrolysis employing a single or two cells in a serial
mode system using active and non-active anodes (Ti/lIrO,-Ta20s and Nb/BDD) as electrode materials.
The results of electrochemical measurements showed that, Nb/BDD had a significant oxidation power
to mineralise Amaranth dye when compared to Ti/lrO>-Ta,Os anode. Single cells were tested at different
current densities (30, 60 and 80 mA cm). At Nb/BDD anode, total colour elimination and 49.1 % of
COD removal were achieved by applying 30 mA cm2 after 60 min of treatment. Conversely, 98.5 % of
colour removal and 43.2 % of COD decay were accomplished at 60 mA c¢cm2 with Ti/lrO,-Ta,0s
electrode, after 360 min of electrolysis time. Supported on the obtained results with single cells, a system
in a serial mode was further evaluated for the first time. The arrangement with Ti/IrO,-Ta,Os electrode
at 30 mA cm2 in the first cell followed by Nb/BDD anode at 30 mA cm revealed the most interesting
results. Complete decolourisation and 75.1 % of COD abatement were achieved after 60 min with lower
energy requirements of about 25.4 kwh m (0.2 kwh gCOD™). This study demonstrates the potential

of a serial system to be applied as a wastewater pre-treatment approach.
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VIII.1 INTRODUCTION

Azo dyes are synthetic substances characterised by the presence of one or various -N=N- chromophore
groups on their structure. These compounds, due to their unique properties such as brilliant shades,
relative low cost and simple manufacture, are mainly used in textile and food industries (approximately
6070 % of dyes employed worldwide) [1]. These substances when disposed together with the generated
industrial effluents lead to the colourisation of the aquatic systems, obstructing the light penetration and
the oxygen solubility, thus affecting the aquatic life [2]. Currently, food additives (including azo dyes)
are also considered as emergent pollutants because of their impact on human health and environment.
Indeed, serious risks may arise from the toxicity and the carcinogenicity character of the dye, as well as
the potential mutagenicity of the breakdown products formed during the chromophore groups cleavage,
in particular the aromatic amines [3,4]. Therefore, the demand for adequate treatments to remove this

kind of dyes from water systems and wastewaters becomes imperative.

In this regard, even though physical-chemical techniques including adsorption, coagulation-flocculation
and membrane separation may enable the decolourisation of dyeing wastewaters [5], the production of
large amounts of sludge, the remaining high content of dissolved solids in the effluent and the high cost
of maintenance are not attractive features for applying these methods [6]. Additionally, no significant
removal efficiencies were achieved when the use of biological treatment is proposed because dyes
contain different functional groups that make them more recalcitrant and biologically stable [5]. Thus,
advanced oxidation processes (AOPs) emerge as an alternative due to their efficiency in oxidising a
wide variety of organic contaminants by the in-situ generation of highly oxidative species, mainly
hydroxyl radicals (*OH). Among the AOPs, electrochemical advanced oxidation processes (EAOPS)
have currently received great attention for the remediation of toxic and biorefractory organic pollutants
[1,7,8]. These technologies allow to mineralise the organic matter by mediated oxidation with *OH
generated in-situ at the anode surface at high current, promoting complete combustion of most organics
to CO», inorganic ions and water [9]. The most common EAOP is anodic oxidation (AQO), in which water
is oxidised to O, at an anode (M) with high O»-overpotential to generate, physically or chemically,
adsorbed hydroxyl radical M (*OH) as intermediate (Reaction (V1I11.1)) [10,11].

M + H,0 — M( "OH) (VI1.1)

Meanwhile, for an indirect AO, other stronger oxidants can be produced, such as peroxodisulphate from
the AO of bisulphate (or sulphate) or active chlorine species from direct oxidation of chloride ion,
favouring the oxidation of organics [9,12]. Based on the existing literature [1,2,7,9,11], the efficacy of
the direct and indirect AO depends on the configuration of the system, and it can be affected by the
current density, the type of the electrolyte and the electrodes used. Various synthetic dyes solutions
(Acid Orange Il, Acid Red 211, Alizarin Blue Black B, Indigo Carmine, Malachite Green, Methyl

Orange, Procion Blue, Reactive Black 5, Remazol Red, Rhodamine B) and real textile effluents have
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been treated under different current densities (3.1-60 mA cm), temperatures (25-60 °C), flow rates
(60-720 L h) or electrolytes leading to efficient treatments (colour and COD removals > 90 %) at
reasonable operating costs [1,13-16]. Among the anodes tested, boron-doped diamond (BDD)
electrodes are preferred because their weak BDD-*OH interaction and greater O, overpotential endorses
the generation of higher amounts of reactive physisorbed BDD(*OH) radicals that mineralise more
effectively dyestuff effluents than other anodes as Pt and PbO; [13-23]. Nonetheless, DSA electrodes,
such as Sh,0s-doped Ti/RuO2-ZrO,, Ti/Pt, Ti/Pt-SnSh, Ti-Pt/b-PbO; and Ti/SnO,-Sh-Pt [20,24-26], are
still satisfactory selections due to the BDD material acquisition cost and its higher energy consumption.

On the other hand, the electrochemical reactor is also an essential key on AO performance and special
attention should be given to its design/configuration in order to achieve high pollutants removal as well
as high current efficiencies for the desired reaction [27,28]. A wide range of different electrochemical
systems have been applied to the treatment of dyeing wastewaters, ranging from traditional plate-in-
tank configurations [24] up to more sophisticated designs, for example, flow cells with parallel
electrodes [19,24,27], flow plants with a three-phase three-dimensional electrode [29], a bipolar trickle
tower reactor [30] as well as flow electrochemical reactors in series [27] including microfluidic cells
[31].

In this frame, a good design of electrochemical reactors and a good selection of the anodes allow the
optimisation of the mass transport coefficient for a maximum current efficiency with higher removal
efficiencies. Therefore, in this study is proposed the use of an AO approach to remove dyes from aqueous
solutions by employing single cells and two cells in a serial mode and combining the electrocatalytic
properties of active and non-active anodes (Ti/lrO,-Ta,0s and BDD, respectively). The influence of
anode material, current density and electrochemical cell arrangement on the removal of colour and
organic matter (in terms of chemical oxygen demand (COD)) of dye wastewater is the main objective
of this investigation. Amaranth dye was chosen as model organic pollutant because it is a dark red and

water soluble monoazo substance commonly used by Brazilian food industries [32].

VIII.2 EXPERIMENTAL

VII1.2.1 SYNTHETIC EFFLUENT

The synthetic effluent encompasses 100 mg L of Amaranth dye (Figure VII1.1) (Cotia Foods S.A.)
which was dissolved into a solution containing 20 g L of Na,SO4 (Anidrol). This effluent is a neutral
solution (pH 6.4+1.8) with an amount of organic matter expressed by a chemical oxygen demand (COD)

of 140.7+5.4 mgO, L. No further purification was applied to reagents before use.
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Figure VII1.1. Amaranth dye structure.

VI1I1.2.2 ELECTROCHEMICAL MEASUREMENT

Cyclic voltammetry (CV) was carried out at room temperature (25 °C) in a conventional three-electrode
cell using a computer controlled Metrohm AUTOLAB potentiostat model PGSTAT302N. Nb/BDD and
Ti/lrO,-Ta,0s were used as working electrodes, an Ag/AgCl electrode as reference and Pt wire as the
counter electrode. The exposed area of the working electrodes was 1 cm?. Nb/BDD and Ti/IrO»-Ta,Os
electrodes were subjected to repetitive cyclic voltammetry from 0.0 to +3.5 V (ten cycles each) at the
scan rate of 100 mV s in a blank solution of 20 g L™ of Na,SO4 and in the presence of the synthetic
dye solution. Quasi-steady polarisation curves were carried out at a scan rate of 5 mV s and with a 2.44
mV step potential, in the same solutions aforementioned and measurements were performed between
0.0and +3.5 V.

VI111.2.3 ELECTROCHEMICAL SYSTEM AND PROCEDURE

Bulk electrolyses of Amaranth dye solution were performed in two kinds of electrochemical systems:
one single cell and two single cells in a serial mode [27] during 360 min and 120 min at 25 °C,
respectively. In each experiment, the reservoir was filled with 1 L of the model solution and it was
recirculated through the electrolytic cells with parallel electrodes by a pump at 250 L h*. The anode and
cathode disks, both with 63.6 cm? of geometric area, were placed at 1.2 cm of distance. A power supply
(MINIPA MPL-3305 M) was employed for applying current density (j) values of 30, 60 and 80 mA
cm? to evaluate the influence of this control parameter. Nb/BDD and Ti/lIrO,-Ta,Os electrodes were used
as anodes and Ti as cathode. The anodes were supplied by METAKEM GmbH (Germany) and Industrie
De Nora Elettrodi (Italy), respectively. Nb/BDD anode was polarised during 30 min with 1 L of 0.1 M
H,SO, solution at 30 mA c¢cm™ to remove any kind of impurity from its surface. Samples were
periodically withdrawn for further analysis. pH (HANNA pH meter), as well as conductivity were

parameters followed over time.
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VII1.2.4 ANALYTICAL TECHNIQUES

In order to determine the process efficiency, UV-vis, chemical oxygen demand (COD) and High-
Performance Liquid Chromatography (HPLC) analysis were performed. The colour removal was
monitored by using the spectrophotometer Shimadzu UV 1800, while COD was analysed by the closed
reflux procedure, according to Standard Methods (5250D) [33], with a thermo-reactor and a photometer
from HANNA Instruments (HI 839800 and HI 83099, respectively). The concentration of the synthetic
effluent was followed by a Finnigan Surveyor Plus HPLC system. 20 uL were injected of each one of
the samples via an autosampler (Surveyor Autosampler Plus). The mobile phase, consisting of 60 % of
ultrapure water, 30 % of acetonitrile and 10 % of methanol, was pumped at a flow rate of 0.5 mL min*
through a C18 column at 30 °C, and the detection was performed at 524 nm in the Finnigan Surveyor
PDA Plus Detector.

VIII.3 RESULTS AND DISCUSSION

VI11.3.1 CycCLIC VOLTAMMETRY (CV) AND POLARISATION CURVES

Prior to bulk oxidations and on the basis of the electrocatalytic nature of each one of the electrodes used,
electrochemical measurements were carried out (cyclic voltammetry and polarisation curves) in the
absence (20 g L of Na,SO4) and in the presence of the model organic compound (100 mg L™?). Figure
VIIl.2a shows the cyclic voltammograms for background electrolyte and for Amaranth-containing
electrolyte at Ti/lrO.-Ta,0s anode, recorded with a scan rate of 100 mV s As can be observed, a
typical voltammetric profile of metal oxide surface was achieved [34,35] in absence of organic
compound in solution (Figure VI1I1.2a, black curve). The shape in the CV with not well-defined peaks
can be understood in terms of a large heterogeneity in the surface site and superposition of the redox
processes for the transition lower metal oxide/higher metal oxide [34,35]. Also, the oxygen evolution
started at about +1.3 V vs Ag/AgCl, confirming that Ti/lrO,-Ta;0s has lower oxygen evolution
overpotential. When a known amount of Amaranth was added in solution (100 mg L), a very broad
peak at +0.7 V vs Ag/AgCl was registered (Figure VII1.2a, grey dashed curve). This indicates that
Amaranth dye is directly oxidised by electron transfer on the Ti/lrO.-Ta,Os anode in the region before
oxygen evolution reaction (o.e.r.), at lower j than 20 mA cm™2. It is also interesting to observe that the
current at the o.e.r. is shifted to more negative potentials and increased (inset in Figure VI11.2a). This
may point out that Amaranth dye oxidation is also due to water decomposition intermediates, mainly
*OH (Reaction (V111.2)), which are only available in conditions of oxygen evolution, rather than direct

electron transfer from the substrate.

2H,0 - 2 "OH + 2H* + 2e~ (VII1.2)
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Voltammetric curves obtained with Nb/BDD in 20 g L™ of Na,SO. (Figure V111.2b) presented the typical
behaviour of synthetic diamond layer [36,37]. In the presence of Na>SOa, the potential where oxygen
evolution starts is about +2.3 V vs Ag/AgCl meaning that this electrode has higher oxygen evolution
overpotential than that registered at Ti/lIrO,-Ta>Os, highlighting its better electrocatalyst character for

anode oxidation [34]. During the voltammetric cycles, in the

the number of cycles increased, indicating that the organic compound is rapidly oxidised by the *OH
produced. Nevertheless, this behaviour can be also due to the formation of a passivation layer that might
have inhibited the electron tunnelling between the anodic surface and the water molecules or to the

partial deactivation of the BDD surface which are competitively occupied by the organic molecule [38].

solution containing Amaranth (100 mg L-
1) a slight anodic peak at approximately +1.7 V vs Ag/AgCl was observed (inset in Figure VI1I1.2b),

corresponding to direct oxidation of Amaranth dye on BDD surface. However, this peak did not rise as
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Figure VI111.2. Cyclic voltammograms of the (a) Ti/lrO,-Ta,Os and (b) Nb/BDD

Insets: Zoom to the cyclic voltammograms (a) and (b), respectively.
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Based on the effect of supporting electrolyte and Amaranth dye in the cyclic voltammetric
measurements, a new set of experiments was performed to increase the understanding of dye oxidation
by involving the participation of oxygen reactive species, like hydroxyl radicals. To address it, the results
obtained by voltammetric profiles were compared to the polarisation curves under similar experimental
conditions. Figure VI11.3 shows linear polarisation curves for both anode materials at scan rate of 100
mV s*. The curves (Figure VI1I1.3a and V1.3b, black curves) are very different and show that oxygen
evolution potential increases to +1.3 V and +2.3 V vs Ag/AgCl for Ti/lrO,-Ta20s and Nb/BDD,
respectively. This means that Ti/lIrO,-Ta2Os has low oxygen evolution overpotential and consequently
is a good electrocatalyst for the o.e.r. in respect to Nb/BDD [34]. This behaviour is in accordance with

the voltammetric study (Figure VI1I11.2).

As it can be also observed from Figure VIII.3, Ti/lrO,-Ta,0s and Nb/BDD electrodes have showed
different electrochemical behaviour in presence of Amaranth (100 mg L™?) in solution by anodic
polarisation (grey dashed curves). In the case of Ti/lrO,-Ta,0s, Amaranth oxidation occurs in the
potential range close to water discharge at lower j than 20 mA cm2, which indicates that direct oxidation
by electron transfer may be attained (Figure V111.3a, dashed curve) [34,35]. Meanwhile, at higher j (more
than 20 mA cm), the Amaranth oxidation occurs in concomitance with o.e.r. Conversely,
potentiodynamic experiments indicated that Nb/BDD material presents higher oxygen overpotential
[34], which implies that this anode is a better electrocatalyst for pollutants oxidation (Figure VI1I11.3b,
dashed curve). Then, the Amaranth dye oxidation is promoted via hydroxyl radicals electrogenerated
from water discharge [39] in competition with o.e.r., favouring a more efficient elimination of dye from

solution, as already commented at voltammetric analysis (Figure VI11.2b).
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Figure VII1.3. Polarisation curves in the presence of the supporting electrolyte (full line) and in the supporting electrolyte plus the
Amaranth dye (dashed line) for the (a) Ti/lrO,-Ta,0s and (b) Nb/BDD anodes with a scan rate of 100 mV s™.

VI1I11.3.2 SINGLE CELL — EFFECT OF THE TYPE OF ANODE AND CURRENT DENSITY

Bulk experiments performed by using a single cell system allowed to evaluate the performance of each

anode material as well as the effect of j.
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The colourisation of the effluent is one of the most important characteristics that must be accounted by
the industries using dyes before discharging the effluent into the aquatic systems due to aesthetic and
environmental problems. For those reasons, a single cell with two different anodes (Nb/BDD and
Ti/lrO,-Ta,0s) was tested at different j values (30, 60 and 80 mA cm) in order to degrade the Amaranth
dye solution. The peak of maximum absorption of this solution appeared in the visible light region at
524 nm, which is associated with the chromophore group of —N = N — present on the chemical structure
of the dye. Weaker bands at 270 between 350 nm are related to m—7* transitions in the conjugated
aromatic systems [32,40]. Regardless the anode used and j applied, the band of absorbance continuously
decreased over time (data not shown). In this way, the percentage of decolourisation of the Amaranth
dye solution was determined by the Equation (VI111.3).

Abs, — Abs;

VI3
o )><100 (VII1.3)

Colour removal = (

where Abs, and Abs; correspond to the average absorbance at the beginning of the reaction and after an

electrolysis time t, respectively.

Figure VIIl.4a shows the evolution of the colour removal, as a function of the treatment time for the
Ti/lrO,-Ta20s and Nb/BDD anodes at 30, 60 and 80 mA cm. As it can be observed, satisfactory colour
removals were achieved for both anodic materials. However, the decolourisation rate strongly depended
on the nature of the electrode used [9]. In fact, the maximum colour removal achieved with Ti/lrO,-
Ta,0s electrode at 30 mA cm? was 91.8 % after 360 min. Conversely, the colour was completely
eliminated with Nb/BDD anode in about 30 min, at the same j. Moreover, j is known to be an important
controlling parameter in AO because it allows to module the generation and accumulation of oxidants
on the anodes surface as well as the distribution of the electrochemical reactions [9]. An increase on the
applied j enhanced the reaction rate for both materials. This effect was significantly pronounced for the
Nb/BDD anode since total disappearance of colour occurred after 15 min (60 mA cm) of electrolysis
while that at lower j (30 mA cm), decolourisation was achieved after 30 min. This result indicates that,
when j is increased, there are more *OH radicals available to attack the chromophore groups of the dye,

fragmenting them to other more simple organic compounds.

As aforementioned, the colour is an important feature to be taken into account, but this parameter is not
indicative of the mineralisation of the dye. Therefore, organic matter elimination, in terms of COD, must
be monitored before the discharge of the effluent into water bodies to achieve the legal limits according

to environmental laws.

Figure VII1.4b showed that the COD elimination rates were less remarked than those observed for the
colour removal. At Nb/BDD anode, a rapid COD removal was attained (49.1 %) in the first 60 min by
applying 30 mA cm, and later on, 80 % of COD was reduced after 360 min of electrolysis. Conversely,

a decrease on the organic matter removal was observed when j is increased. In fact, 50.5 % and 21.5 %
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were reached when 60 and 80 mA cm were used during 360 min of treatment. These results clearly
indicate that, increasing current density, a higher charge consumed for complete mineralisation is needed
because during the electrochemical process a relative greater amount of radical *OH is wasted in parasite
non-oxidising reactions such as oxygen evolution. This behaviour is in agreement with the polarisation
curves (Figure V111.3) where at lower j (below 30 mA cm), efficient production of hydroxyl radicals
promotes the oxidation of Amaranth dye in solution, but at higher j (above 30 mA cm?), oxidation of

dye by hydroxyl radicals is in competition with o.e.r.

In order to further investigate the effects of colour and COD removals, the concentration of the
Amaranth dye was monitored by HPLC during the bulk experiments by using a single cell with Nb/BDD
(Figure V111.4c). As can be observed, after 60 min of AO treatment, it was noticeable the high efficiency
of the process for removing completely the concentration of the Amaranth in solution. These figures
support the results obtained for the complete colour removal (Figure VIIl.4a) by using this anode
material. However, when the Amaranth dye is rapidly eliminated, it is transformed into more simpler
compounds which are not efficiently mineralised at BDD electrode [41,42]; favouring secondary

reactions (such as o.e.r.) and diminishing the COD decay efficiency (see Figure VII1.4b).

At Ti/lrO,-Ta20s anode (Figure VIII.4b), COD removals were about 8 %, 43.2 % and 27.9 % by
applying 30, 60 and 80 mA cm?, respectively, after 360 min of treatment. In this case, the low COD
removal using Ti/lrO,-Ta,Os electrode at 30 mA cm2 was due to the direct oxidation of Amaranth on
its surface [39], favouring the formation of a passivation film as well as the intermediates formed during
electrolysis that are difficult to be oxidised [14,43,44]. Meanwhile, at 60 mA cm™2, a more significant
concentration of hydroxyl radicals is produced, promoting an increase on the Amaranth degradation.
However, at higher j (80 mA cm2), the oxidation occurs in concomitance with the o.e.r., limiting the
efficiency of the elimination of dye in solution. These results are in agreement with the behaviour
observed at potentiodynamic measurements (Figure V111.2a) for Ti/lrO,-Ta,Osanode in the absence and
in the presence of the organic compound. The lower COD removal indicates that, despite the degradation
of the dye attained, there is a subsequent formation of more refractory intermediates that contribute to

still-significant final COD values.
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Figure V111.4. Oxidation of the Amaranth dye using a single cell. Effect of the anode material and current density on (a) colour removal
over time for Ti/lrO,-Ta,0s anode, inset: colour removal over time for Nb/BDD anode; (b) COD removal and (c) decay of the
normalised dye concentration. Operating conditions: 100 mg L™ of Amaranth dye, 20 g L™ of Na,SO,, current density=30, 60 and 80
mA cm?, T=25°C.

Generally speaking, when comparing the removal efficiencies obtained with both electrode materials,
Nb/BDD showed high superiority to oxidise Amaranth effluent than the Ti/lrO>-Ta,Os anode. This
performance is mainly due to the nature of the electrode: Ti/lrO,-Ta,Os is considered an active anode in
which *OH radicals are chemically adsorbed, thus presenting lower reactivity favouring the pollutants
electrochemical conversion instead their mineralisation. In its turn, Nb/BDD is the ideal non-active
electrode, where *OH radicals are physically adsorbed showing strong oxidant power to promote the

complete mineralisation of organic pollutants.

In this context, a new electrochemical cell arrangement, a serial configuration was proposed for

increasing the efficiency of elimination of organic pollutants.

VI111.3.3 TWO CELLS IN SERIES — EFFECT OF THE CELL ASSEMBLY AND THE CURRENT DENSITY

In a serial mode system, two different positions with two cells were tested: Ti/IrO,-Ta,Os+Nb/BDD and
Nb/BDD+Ti/lrO,-Ta20s. In addition, four different arrangements of j were evaluated (30+30, 60+60,
30+60 and 60+30 mA cm™). It is important to specify that the designation of the electrochemical cell
system informs that, for example the first single cell contains the Ti/lrO,-Ta,Os anode while the second
single cell contains the Nb/BDD electrode or viceversa. The same strategy was used to designate the

current density.

The colour removal, as a function of electrolysis time, for both cells in a serial mode, Ti/lrO,-
Ta,0s+Nb/BDD and Nb/BDD+Ti/lrO,-Ta,Os, was depicted in Figure VIIl.5a and Figure VII1.5b,
respectively. As can be observed, complete decolourisation was accomplished at short electrolysis times,
ranging from 15 to 60 min. Results clearly demonstrate the effectiveness of the two cells in a serial
mode, in terms of colour removal and electrolysis time, when compared to the single systems. This is
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due to the synergetic effects obtained by the recirculation of the Amaranth dye effluent through the two
compartments. Nb/BDD anode in the first cell promotes a rapid breaking of the chromophore group,
increasing the colour removal efficiency in the second single cell with the active electrode (Ti/IrO-
Ta,0s). Additionally, an increase on the applied j improves the decolourisation rate at Nb/BDD anode,
being consistent with the results obtained for the individual cells. The decay of the concentration of dye
was also evaluated (Figure VI11.5¢c and Figure VI1I1.5d) and it is faster by applying 30+60 and 60+60
mA cm? for Ti/lrO,-Ta,0s+Nb/BDD and 60+30 and 60+60 mA cm for Nb/BDD+Ti/IrO»-Ta,0s,
respectively. This effect is completely consistent with the colour removals reported in Figure VIIl.5a
and Figure VII1.5b.
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Figure VI11.5. Oxidation of the Amaranth dye using two cells in a serial mode. Effect of current density on colour removal and decay
of the normalised dye concentration over time for Ti/lrO,-Ta,Os+Nb/BDD (a and ¢) and Nb/BDD+Ti/lrO,-Ta;Os (b and d)
arrangements. Operating conditions: 100 mg L* of Amaranth dye, 20 g L of Na,SO,, current density=30 and 60 mA cm?, T=25 °C.

Although the colour and dye removal results are important, the abatement of COD led to more
interesting outcomes. The use of the two cells in a serial mode allowed to achieve high COD removal
values (Figure VI1I1.6), depending on the cell combinations, with respect to the results achieved when a

single cell was used.
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Figure VII1.6. Oxidation of the Amaranth dye using two cells in a serial mode. Effect of current density on COD removal after 60 min
of treatment for (a) Ti/IrO,-Ta;Os+Nb/BDD and (b) Nb/BDD+Ti/lrO,-Ta,0s arrangements. Operating conditions: 100 mg L* of
Amaranth dye, 20 g L™ of Na,SO,, current density=30 and 60 mA cm?, T=25 °C.

For example, using two cells with Ti/lrO,-Ta,0s+Nb/BDD anodes by applying 30 mA cm at each one
of the cells (Figure VI11.6a), the COD abatement increased from 49.1 % (with solely Nb/BDD at 30 mA
cm?) to 75.1 %. At 60+60 mA cm?, for the same arrangement, a slight decrease on the COD removal
(down to 67.6 %) was observed. These results are due to the electrochemical conversion of Amaranth
in some by-products in the first cell with Ti/IrO,-Ta20s that can be mineralised by Nb/BDD in the second
cell. These figures are in agreement with the results obtained by using single cells, where at 30 mA cm-
2 with BDD, higher removal of COD was achieved, while the organic load reduction increases when j
increases from 30 to 60 mA cm2with Ti/IrO,-Ta,Os (Figure VI11.6b). For this reason, when serial mode
configuration was used, efficient organic matter was removed. Moreover, when 60 mA cm-2 is applied
to Nb/BDD anode, the o.e.r. is enhanced, consequently decreasing the AO efficacy. When different
current densities were applied to each cell, a synergetic effect was not achieved since the removals just
reached 37.9-39.6 %.

Different trends were obtained when the above-mentioned experiments were performed using the serial
mode arrangement with Nb/BDD+Ti/IrO.-Ta20s electrodes (Figure VII1.6b). Lower COD removals
were achieved, when the same current density for each one of the cells was applied, about 18.3 % and
40.2 % for 30+30 and 60+60 mA cm?, respectively. In the first case, this behaviour may be due to the
promotion of the electrochemical conversion of Amaranth dye in aromatic compounds that can be
adsorbed on the anodic surface of active and non-active electrodes at lower j, favouring a partial
passivation. For an increase of the j values, an improvement on COD removal was observed, even if no
more than 40 % degradation was reached. Efficiency was, however, enhanced when enough amount of
*OH radicals was produced with Nb/BDD anode at 30 or 60 mA cm™ to promote a more efficient
mineralisation of Amaranth but accumulating aliphatic acids that are difficult to be eliminated at both

anodes.
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From an industrial point of view, it is interesting to evaluate the COD removal according to the specific
electrical charge, Q, passed for one and two cells systems. As an example, Figure VI1I1.7 compares the
efficiency for Q=3.8 Ah L, at 30 and 60 mA cm. Results demonstrated that regardless the j used, the
Nb/BDD anode material always promoted higher COD removals than Ti/lrO2-Ta,Os electrode, even
when differences are attenuated for j=60 mA cm due to a removal increase for Ti/lrO,-Ta,Os and a
decrease for Nb/BDD. When COD abatements were compared for one and two cells arrangements, it
was possible to observe that the performance of the process was improved under suitable operating
conditions at the serial mode system. Single cell with Ti/lrO,-Ta20s anode led to lower degradation
values (1.4-11.4 %). On the other hand, the experiment with Nb/BDD achieved 59 % at 30 mA cm2 (in
120 min), while the Ti/lrO2-Ta,0s+Nb/BDD arrangement at 30+30 mA cm removed about 75.1 % in
60 min. These results indicated that, the sequence of the cells affect the efficiency of the process due to
the high variety of compounds that can be formed in each one of the cells during the degradation of the

Amaranth dye and through their recirculation over the system.
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Figure VI111.7. Effect of the current density and system configuration on COD abatement at single cells (Ti/lrO,-Ta,Os and Nb/BDD)
and two cells in a serial mode (Ti/lrO,-Ta;Os+Nb/BDD and Nb/BDD+Ti/lrO,-Ta,0s) at a specific electric charge of 3.8 Ah L™
Operating conditions: 100 mg L™ of Amaranth dye, 20 g L of Na,SO,, current density=30 and 60 mA cm?, T=25 °C.

VII11.3.4 ENERGY CONSUMPTION

An essential parameter to be taken into account to lessen economic and environmental impacts is the
electrical energy consumption (EC). This variable may be determined in terms of kWh m- (Equation
(VI11.4)) or kWh gCOD* (Equation (VI11.5)) [1]:

Energy consumption (kWh m™3) = Ecenlt (VI11.4)
&Y P 1000V
Energy consumption (kWh gCOD™1) = ﬂ (VI11.5)
8y P & 1000% ACOD V
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where Ecei corresponds to the average potential difference of the cell (V), I to the current intensity (A),
t to the electrolysis time (h), ACOD to the experimental abatement of COD (gO, L™) and V to the

solution volume (m?).

Figure VII11.8a represents the values of EC estimated in terms of kWh m=, after 60 min of treatment, for
single cells at 30, 60 and 80 mA cm™. As can be observed, for both anode materials, the energy
consumption values rose, as the applied j increased, since the cell potentials were also enhanced (Table
VI111.1). On the contrary, COD removal values decrease for the experiments with Nb/BDD.

In addition, Figure V111.8b displays the EC estimations in terms of kWh m=for the cells in a serial mode.
The values obtained with these new configuration system seem higher (25.4-72.6 kwWh m=) when
compared to the single cell systems alone (11.4-60.9 kWh m3). However, the energy spent by the cells
in a serial mode is quite similar or slightly lower (depending on the cell position) than if the treatment

was performed by the sum of the two individual cells (Table VIII.1).

Although at industrial level, energy consumption in terms of kwWh m is more significant to calculate
the process cost, this study also took into consideration the energy that is necessary to remove the organic
matter (g of COD (Table VIII.1)). As can be verified, the cells in a serial mode required less/similar
energy to remove the organic matter. For example, using Ti/lrO>-Ta,Os+Nb/BDD combination at 30+30
mA cm? instead of Nb/BDD at 30 mA cm, the COD removal increased from 49.1 to 75.1 % with an
EC of 0.2 kWh gCOD* for both systems. Moreover, this cell system in a serial mode allowed 9.6 % of

current efficiency to degrade the pollutant.
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Figure VI11.8. Effect of the arrangement of the cells on energy consumption (kWh m=) for the (a) single cell and the (b) two cells in a
serial mode during 60 min of treatment. Operating conditions: 100 mg L of Amaranth dye, 20 g L™ of Na,SO,, current density=30,
60 and 80 mA cm?, T=25 °C.
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Table VIII.1. Cell potentials and respective energy consumption for different applied current densities using one (cell
1) or two cells (cell 1 and 2) in a serial mode, after 60 min of treatment. Sum of the individual COD removals and energy
consumptions of the single cells for 60 min of electrolysis time.

) Eeus et Energy ) Energy )
Electrochemical system (\7) (\7) consumptlon consumptlonﬁ
(KWh m?) (kWh gCOD™)
Nb/BDD
30 mA cm? 7.5 - 14.3 0.2
60 mA cm? 10.4 - 395 1.2
80 mA cm? 12.0 - 60.9 2.7
Ti/IrOz-Tazos
30 mA cm? 6.0 - 11.4 11.4
60 mA cm? 8.9 - 33.8 2.3
80 mA cm? 10.7 - 54.2 5.4
Nb/BDD+Ti/lrO,-Ta;0s
30+30 mA cm™ 7.5 5.8 25.4 1.0
60+60 mA cm™ 10.4 8.6 72.4 1.3
30+60 mA cm? 7.4 8.7 47.1 0.6
60+30 mA cm™ 10.4 5.6 50.3 0.7
Ti/lrO,-Ta,0s+Nb/BDD
30+30 mA cm™ 5.8 75 25.4 0.2
60+60 mA cm™ 8.5 10.6 72.6 0.7
30+60 mA cm? 5.7 10.6 51.3 1.2
60+30 mA cm? 8.7 7.4 47.4 1.1
. COD removal Energy Energy
Sum of single cells (%) consumptlon consumptlon_
(kWh m?) (kWh gCOD")
Nb/BDD 30 mA cm + Ti/lrO,-Ta,0s 30 mA cm 49.8 25.7 11.6
Nb/BDD 60 mA cm + Ti/lrO,-Ta;0s 60 mA cm 34.7 73.3 35
Nb/BDD 30 mA cm + Ti/lrO,-Ta;0s 60 mA cm 56.9 48.0 2.5
Nb/BDD 60 mA cm + Ti/lrO,-Ta,0s 30 mA cm 24.0 50.9 12.6

These results clearly demonstrate that the dual combination, once again depending on the active and
non-active anode position, is an interesting reactor arrangement to be implemented as a pre-treatment
for the degradation of organic dyes with higher removal efficiencies and consequently, lower energy

consumptions.

VII1.4 CONCLUSIONS

The depuration of a synthetic wastewater containing Amaranth dye was investigated in an AO process
using one or two cells in a serial mode with active and non-active anodes. The treatment of the dye using
single cells was strongly affected by the type of the anode materials, since it determines how easily the
*OH radicals are delivered to the system and how these oxidant species react with the organic pollutants,
promoting their elimination. Also, the process efficiency depended on the current density. For a single
electrochemical cell, complete colour removal and 49.1 % of organic load was eliminated (in terms of
COD) with energy consumption of 14.3 kWh m= (0.2 kWh gCOD?), after 60 min of treatment with
Nb/BDD at 30 mA cm™.

In the case of the two cells in a serial mode, depending on its arrangement, this system showed to be

more efficient in colour and COD removal with less energy consumption than the sum of the individual
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cells. The Ti/lrO,-Ta20s+Nb/BDD combination at 30+30 mA cm, after 60 min of reaction, achieved
the optimum efficiency results, with 100 % and 75.1 % of colour and COD removals, respectively; with
25.4 kWh m= (0.2 kWh gCOD™?) of energy consumed. Therefore, this dual arrangement seems to be an

interesting set-up to be applied as a pre-treatment of this kind of wastewaters.

Finally, it is important to remark that, with regard to cells in series, many commercial models are now
available in the market. Nevertheless, single cells or the stacking of single cells are mainly used for
electrosynthesis (production of chlorine, chlorate, etc.). Conversely, the research of the AO for
environmental application has not reported enough studies about the use of cells in a serial mode or
stack cells in lab-scale; for this reason, this work proposal is not new but it opens an innovative

application to scale-up the electrochemical technologies for wastewater treatment.
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ABSTRACT

Electrochemical measurements and bulk electrolysis using individual or an assembling of flow cells in
series were performed to study the anodic oxidation of amaranth dye solutions with Ti/Pt and Ti/Pt-
SnSb anodes. Polarisation curves demonstrated that Ti/Pt-SnSb has high electroactivity to eliminate the
pollutant. Bulk electrolysis with this material, at 30 mA cm, removed 97.5 % and 70.3 % of colour and
COD, consuming 71.6 kwWh m= of energy. Two cell configurations led to higher removal rates.
Additionally, experiments combining Ti/Pt-SnSb and Nb/BDD materials were performed to clarify the
effect of non-active anodes in the system. Assembling cells revealed to be an interesting pre-treatment
to degrade organic compounds. The suitable system choice will be dependent on the final target COD
value, the reaction time and the energy consumption.
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IX.1 INTRODUCTION

Water pollution by synthetic dyes remains an important ecological issue due to their large worldwide
production estimated over 7x10° tons per year. Natural streams contamination and aesthetic constrains
encourage the scientific community to search novel strategies to adequately treat industrial effluents [1].
Nevertheless, traditional technologies have demonstrated to be ineffective for removing these pollutants
from water and wastewaters. In this context, a wide variety of advanced oxidation processes (AOPS) has
been studied for environment protection [2,3]. Among these technologies, the electrochemical advanced
oxidation process (EAOP) has received great attention for the elimination of a broad-range of organic
contaminants in the last years [4]. The most popular EAOP is the electrochemical oxidation (EO) that
consists either in oxidation of pollutants by electrons transfer to the electrode surface (direct anodic
oxidation) and/or mediated oxidation with electrogenerated hydroxyl radicals (*OH) formed from water
discharge at the anode surface (M) (Equation (1X.1)) [1].

M+ H,0 -» M( "OH) + H* + e~ (1X.1)

The activity of the *OH radicals is strongly related to their interaction with the electrode surface M,
which can be in the form of chemisorbed “active oxygen” (oxygen in the lattice of a metal oxide (MO)

anode) (Equation (1X.2)) or physically adsorbed “active oxygen” (free hydroxyl radical M(*OH)) [5,6].
M( "OH) > MO + H* + e~ (1X.2)

When active anodes such as IrO; or Pt are used, the *OH radicals are converted to chemisorbed 1rOz and
PtO species, respectively, favouring partial conversion of the contaminants (R) (Equations (1X.3) and
(1X.4)) [7,8].

R +IrO3; — IrO, + RO (1X.3)
R + PtO - Pt + RO (1X.4)

Generally, Equation (IX.2) and Equation (1X.3) are in in competition with the side reaction of oxygen

evolution (Equation (1X.5)), which is due to the chemical decomposition of the higher oxide.
1
MO - M + 50, (1X.5)

Meanwhile, the use of non-active anodes such as boron doped diamond (BDD) promotes the generation
of high amounts of physisorbed BDD(*OH) characterised by a weak electrode—hydroxyl radical
interaction resulting in a high ability to mineralise the compounds to CO;, H,O and inorganic ions
(Equation (1X.6)). This reaction competes with the parasitic reaction of the oxygen evolution (Equation

(IX.7)) without any participation of the anode surface [9-13].
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R + BDD( "OH) -» BDD + m CO, + nH,0 + H* + e~ (1X.6)
. 1
BDD( ‘OH) —» BDD + E02 +H* +e” (IX.7)

The lab scale experiments with BDD anodes led to significant efficiencies regarding the degradation of
dyes. However, the viability of these electrodes for industrial application is not well established due to
their high cost [14-16]. For this reason, the choice of anode materials becomes a noteworthy issue in
order to reduce the energy consumption and consequently, the operation costs; converting this process
in a more attractive alternative than chemical treatments. As a result, electrocatalytic materials prepared
by a thin conducting layer of metal oxide or mixed metal-oxides in a Ti base metal, commonly named
as DSA (dimensional stable anodes), have been also tested for the treatment of dyes by EO, obtaining
encouraging results. Simulated synthetic dyes wastewaters containing Acid Red 73 [17], Acid Orange
7 [18], Methyl Orange [19], Methyl Red [20], Reactive Orange 4 [21], Reactive Red 2 [22], Reactive
Red 120 [23], Reactive Red 195 [24] and Reactive Violet 5 [25] have been depolluted with anodes such
as Ti/SnO2-Sh, Ti/Antimony-doped tin oxide nanoparticles, Ti/RuO.-Pt, TiRuSnO,, Ti/Rug3Tio702,
Ti/SnO,-Pt-Sb, Ti/Bi2Os, Ti/lrO2-RuO2, Ti/SnO2-Sh/PbO, and Ti/RuOX/MnOy. Conversely, real
wastewaters have been treated in a lesser extent with DSA electrodes like Ti/RuOx-TiOx [26], Ti-Pt/B-
PbO; and Ti/Tio7Ruo30- [27].

According to the literature, the Ti/Pt, a less expensive electrode than diamond films, has demonstrated
to be effective on colour removal of dyes with moderate removal values of the organic matter (COD
removal=5-90 %, TOC removal=17-82 %) and energy consumption around 6-61 kwWh m[20,28-30].

Therefore, the present study proposes the use of two commercial anode materials, the Ti/Pt and the
Ti/Pt-SnSb for the electrochemical abatement of a dye in an aqueous solution by using one flow cell or
an assembling of electrochemical flow cells in series. The main objectives of the work were to analyse
the effect of the nature of the electrode materials by potentiodynamic measurements and bulk
electrolysis. In the former case, the catalytic activity of these electrodes was explored; while the efficacy
of EO process was tested by using single and two flow cells in a serial mode in order to evaluate
favourable arrangement combinations and current densities on colour and COD removals as well as on
energy consumption. Additionally, tests were performed with an assembling of electrochemical flow
cells in series with Ti/Pt-SnSh and Nb/BDD materials to verify the effect of the combination of non-
active anodes in the system. Amaranth dye (AM) was the selected pollutant model because it has been
classified as an endocrine disruptor which causes negative effects in animal and human health [31].
Additionally, even if the dye is not carcinogenic, the reductive cleavage of the azo bonds produces

amines that are known to be cancer-causing [32,33].
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IX.2 MATERIAL AND METHODS

1X.2.1 SYNTHETIC SOLUTION

The dye solution model was prepared by dissolving 100 mg of AM dye (Cotia Foods S. A.) in 1 L of
distilled water containing 20 g L™ of Na,SO4 (Anidrol) as background electrolyte since this salt appears
in many dyestuff wastewaters and it allows good electrical conductivity. No further purification was
conducted to reagents before use. The dye structure and characteristics are displayed in Table IX.1. In
addition, the synthetic effluent encompasses an initial pH value of 5.6+1.1, conductivity of 228.4+0.8
1S cm and an amount of organic matter expressed by chemical oxygen demand (COD) of 134.5+15.4
mgO, L.

Table 1X.1. Chemical structure and characteristics of the Amaranth dye.

Chemical structure Amax (NmM) M (g mol?) Common name Colour Index name

HO S04Na
Na0sS N
e W,
N
Food Red 9
O Q 524 604.5 Amaranth dye Acid Red 27

503Ma

1X.2.2 ELECTROCHEMICAL MEASUREMENTS

Linear polarisation and cyclic voltammetry analysis were performed at room temperature (25 °C) with
a Metrohm AUTOLAB potentiostat model PGSTAT302N. The three-electrode cell was constituted by
a Ag/AgCl (KCI 3 mol L) as reference electrode, Pt wire as the counter electrode and Ti/Pt and Ti/Pt-
SnSh materials as working electrodes with an exposed geometric area of 1 cm?. The working electrodes
were subjected to repetitive cycles from 0 to 3.0 V (ten cycles each) at the scan rate of 100 mV s, by
using cyclic voltammetry, in 20 g L of Na;SO; as supporting electrolyte as well as in a solution
containing the AM dye. Quasi-steady polarisation curves were carried out at a scan rate of 100 mV s*

and with a 2.44 mV step potential, under similar above experimental conditions.

1X.2.3 ELECTROCHEMICAL SYSTEM

EO experiments were performed by using systems with an individual flow cell or by an assembling of
electrochemical flow cells in series under galvanostatic conditions with a MINIPA MPL-3305M power
supply. Ti/Pt and Ti/Pt-SnSh electrode materials were supplied by Industrie De Nora Elettrodi (Italy)
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and used as anodes, while Ti was employed as cathode. Some tests were also performed with Nb/BDD
as anode, and it was supplied by METAKEM GmbH (Germany). All electrodes had a disk format with
an electroactive area of 63.6 cm?2. Anodes and cathodes were placed in parallel with an inter-electrode
gap of 1.2 cm. In each experiment, the reservoir was filled with 1 L of the synthetic solution and
recirculated through the system by a centrifugal pump working at 250 L h™. The oxidation was
conducted at mild conditions of pressure and temperature to study the effect of the applied current
density (j) of 30, 60 and 80 mA cm.

1X.2.4 ANALYTICAL TECHNIQUES

The colour removal was assessed by monitoring the decrease of the maximum absorbance of AM
solution (Amax=524 nm) over time using an UV-vis spectrophotometer Analytikjena SPECORD 210
PLUS. The percentage of decolourisation of the dye solution was estimated by the Equation (1X.8):

Col (%) = ABSo = AbsY
olour removal (%) = Absg (1X.8)

where Absy and Abs; correspond to the average absorbance at the beginning of the reaction and after an

electrolysis time t, respectively.

The chemical oxygen demand (COD) was determined according to the Standard Methods (5250D) [34]
through the use of HANNA Instruments equipment, where the COD Kkits (HI193754B-25) were mixed
with the samples, and after that, these were digested in the thermal reactor HI 839800. COD values were
directly given by the photometer HI 83099. The current efficiency (CE) for the EO of the pollutant was
estimated from the COD experimental values by Equation (1X.9) [1].

COD, — CODy) FV
(CoD JEV

CE(%) = 8lt

00 (1X.9)

where COD, and COD:; corresponds to chemical oxygen demands at time t=0 and time t, respectively
(gO2 LY, F to the Faraday constant (96487 C mol™), V to the solution volume (L), I is the current
intensity applied (A), 8 is the oxygen equivalent mass (gequiv.™*) and t express the electrolysis time (s).
Furthermore, the energy consumption (EC) per volume of treated effluent was determined in terms of
kWh m- according to Equation (1X.10) [29]:

Ecell It

EC(kWhm™3) = v

(1X.10)

where Ecei corresponds to the average potential difference of the cell (V), t expresses the electrolysis

time (h) and V is the solution volume (L).
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IX.3 RESULTS AND DISCUSSION

1X.3.1 CYCLIC VOLTAMMETRY AND POLARISATION CURVES

Prior to electrochemical oxidations and on the basis of the introductory considerations regarding the
electrocatalytic nature of each one of the electrodes employed, electrochemical measurements were
performed using cyclic voltammetry and polarisation curves. Both analysis were carried out using as
background the electrolyte solution containing 20 g L™ of Na,SQ4, with and without the model pollutant
(100 mg LY). Figure 1X.1a represents the cyclic voltammograms for the Ti/Pt material obtained at the
previous referred conditions and recorded at a scan rate of 100 mV s™*. As can be seen on Ti/Pt anode,
no redox peak was obtained with blank NaSO4 solution showing that the anode is non-active in the
selected scanning region (Figure 1X.1a, grey dashed curve) [17]. The oxygen evolution started at about
+1.5 V vs Ag/AgCl, demonstrating that this electrode has low oxygen evolution overpotential. The
addition of the AM (100 mg L) to the electrolyte showed a slight increase about +1.0 V vs Ag/AgCl,
in the region before oxygen evolution reaction (o.e.r.) (Figure IX.1a, solid black curve) respect to the
curve obtained in absence of AM in solution (Figure 1X.1a, grey dashed curve). This may indicate that
direct electron transfer process occurred between the dye molecules and the electrode, at lower applied
current densities, demonstrating that a partial absorption on the active sites of the platinum surface by
organic molecules may occur [24]. In fact, in the region after o.e.r., a significant decrease on the j is
observed due to a partial deactivation of the active sites on the Ti/Pt surface, limiting an efficient

decomposition of the supporting electrolyte [19].

The voltammogram obtained with Ti/Pt-SnSb in 20 g L of Na,SO, (Figure 1X.1b, grey dashed curve)
showed that the oxygen evolution started at about +1.7 V' vs Ag/AgClI revealing that this electrode has
a slightly higher oxygen evolution overpotential when compared to the Ti/Pt anode. As can be observed
form inset in Figure IX.1b (black solid curve), no noteworthy differences were observed at
voltammogram obtained in presence of 100 mg L of AM dye in respect to the supporting electrolyte
(Figure IX.1b, grey dashed curve), in the region before o.e.r. (ranging from +0.5 to +1.3 V vs Ag/AgCl).
In addition, a significant increase in j is attained in the region of supporting electrolyte decomposition
when AM is present in the solution. This behaviour shows that the oxidation of the dye may involve
intermediates generated from water decomposition, mainly *OH radicals (Equation (1X.11)) that are only

available in conditions of oxygen evolution [19].

2H,0 - 2 "OH + 2H™* + 2e~ (1X.11)
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Figure 1X.1. Cyclic voltammograms of the Ti/Pt (a) and Ti/Pt-SnSb (b) anodes in 20 g L de Na,SO,, without (full line) and with 100
mg L* of amaranth dye (dashed line); scan potential from 0.0 to 3.0 VV and scan rate 100 mV s (10 voltammetric cycles). Insets: Zoom
to the cyclic voltammograms (a) and (b), respectively.

Figure 1X.2 represents linear polarisation curves of Ti/Pt and Ti/Pt-SnSb electrodes recorded at scan
rate of 100 mV stin 20 g L of Na,SO4 in absence and in presence of AM dye in solution. As can be
observed, the two grey dashed curves (Figure 1X.2a and Figure 1X.2b) are different and show that
oxygen evolution potential increased from +1.5 to +1.7 V vs Ag/AgCl for Ti/Pt and Ti/Pt-SnSh,
respectively. This behaviour suggests that Ti/Pt material is a better electrocatalyst for the o.e.r, when
compared to Ti/Pt-SnSb since it has low oxygen evolution overpotential, as supported by the cyclic
voltammograms in Figure 1X.1.

The oxidation of 100 mg L of AM dye is represented by the solid black curves (Figure 1X.2a and Figure
IX.2b) at both electrocatalytic materials. In the case of Ti/Pt, AM is directly oxidised at the electrode
surface when the current density is above 15-20 mA cm2. Meanwhile, at higher j (> 20 mA cm?), the

current density at a given potential in the region of supporting electrolyte decomposition decreased,
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meaning the inhibition for the oxygen evolution reaction as a consequence of a partial deactivation of
the active sites on the electrode surface, limiting the EO of AM. Conversely, at Ti/Pt-SnSb anode, the
participation *OH radicals electrogenerated from water discharge in concomitance with o.e.r. is achieved
at higher j (> 20 mA cm). These figures, at both anodes, are in agreement with the results obtained at

voltammetric curves (see, Figure 1X.1).
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Figure 1X.2. Polarisation curves in the presence of the supporting electrolyte (full line) and in the supporting electrolyte plus the AM
dye (dashed line) for the Ti/Pt (a) and Ti/Pt-SnSb (b) anodes with a scan rate of 100 mV s,

1X.3.2 BULK ELECTROLYSIS

The degradation of the AM (100 mg L) was performed by bulk electrolysis using Ti/Pt and Ti/Pt-SnSh
anodes. Firstly, experiments with single flow cells were conducted in order to evaluate the performance
of each one of the anode materials. Then, tests with assembling of electrochemical flow cells were
accomplished. The efficacy of the oxidation process was followed by colour decay, COD removal,

current efficiency and energy consumption.

1X.3.2.1 Single flow cells

Figure 1X.3a and Figure 1X.3b show the effect of the current density, j, on colour decay during the EO
of the synthetic dye at 25 °C, using Ti/Pt and Ti/Pt-SnSb anodes, respectively. In all experiments, the
colour removal was almost totally achieved independently of the j used. This behaviour was established
from the visible spectra of the AM dye (inset Figure 1X.3a and Figure 1X.3b) for each anode, where the
bands of absorbance decreased over time by applying 30 mA cm2, meaning colour reduction. The peak
of maximum absorption occurred in the visible light region at 524 nm which is directly related to the
colour of the solution due to the chromophore group of -N=N- present in the structure of the dye. The
intensity of this peak continuously diminished resulting in 97.5-99.4 % of colour decay after 360 min
of treatment. Weaker peaks that arose between 270 and 350 nm are commonly related to aromatic rings

and also disappeared over time. These outcomes may indicate that in the initial treatment stage there are
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mechanisms promoting the dye oxidation to more simple organic compounds (aromatic or aliphatic
intermediates) via the breaking of the chromophore group or even its mineralisation into CO, and H.O
[19,35,36].

Furthermore, when an increase on the j was attained, a slight improvement was achieved on colour
removal rate for both anodes (Figure 1X.3a and Figure 1X.3b). This behaviour suggests that the dye
degradation occurs by direct anodic oxidation and by its reaction with *OH radicals electrogenerated on
the surface of the electrode (indirect oxidation) [28]. As long as j rises more radicals may become
available to attack the chromophore group of the dye, fragmenting it and yielding other more simple

organic compounds.
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Figure 1X.3. Effect of the current density on colour removal over time with Ti/Pt (a) and Ti/Pt-SnSb (b) anodes. Insets: Absorbance
band evolution over time by employing Ti/Pt (a) and Ti/Pt-SnSb (b) electrodes at 30 mA cm. Operating conditions: Individual flow
cell, 100 mg L™ of amaranth dye, 20 g L of Na,SOy, flow rate=250 L h?, T=25 °C.

Figure IX.4 displays COD removal as a function of time for Ti/Pt and Ti/Pt-SnSb anodes by applying
different j. Contrary to colour removal, lower COD removal efficiencies were achieved. This behaviour
suggests that the oxidation of the dye occurs by its fragmentation (elimination of the chromophore group
as a first stage of the process) to different by-products which are more difficult to be degraded or by
favouring secondary reactions, such as o.e.r. In the former case, oxidation intermediates can favour the
growth of an adherent passivating film on the anode surface that poisoned the electrode, resulting in a
low COD depletion and the rapid decrease of the reaction rate, and consequently, decreasing the current
efficiency. If the oxidation intermediates are aliphatic acids, these are quite stable against further attack
at these electrodes, limiting the efficacy of the EO approach. Meanwhile, when secondary reactions are
favoured, great part of the current applied during the process is spent on undesired reactions, decreasing
the current efficiency. Another important feature that can be observed from Figure 1X.4 is that, lower

organic matter was removed at Ti/Pt than those achieved for Ti/Pt-SnSb at different j.

In Figure 1X.4a, a COD removal rise is reached, when an increase in j is attained from 30 to 60 mA cm’
2 (from 18.5 % to 46 %, respectively) at Ti/Pt electrode. Conversely, at higher j (80 mA cm?), the

efficiency on the COD removal decreases significantly, up to 5.4 %. These figures mean that the
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parasitic reactions that auto-consumed *OH radicals are favoured over the EO of dye, such as the O,
evolution, as shown by the potentiodynamic measurements in Figure 1X.2a [28,29]. Additionally, the
rapid conversion of AM dye to by-products at 30 and 60 mA cm decreases the electrode activity. This
can be due to deposition of aromatic polymeric products on the electrode surfaces, limiting its oxidation
power efficacy [28,30,35]. The last assumption is supported by the electrochemical measurements
(cyclic voltammetry and polarisation curves, see Figure IX.1a and Figure 1X.2a) where, at these j values,
when the dye was added to the solution, the current density at a given potential in the region of
supporting electrolyte decomposition decreased, meaning the inhibition for the o.e.r. due to the partial
deactivation of the active sites on the Ti/Pt surface. However, at 60 mA cm2, there is probably a high
generation of *OH radicals (Equation (1X.12)) and persulfate species (resulting from the oxidation of
the electrolyte—Equation (1X.12)) [8] that favours the increase of AM degradation.

250%™ - S,0%™ + 2e” (1X.12)

Concerning to the Ti/Pt-SnSb anode (Figure 1X.4b), organic matter removal (in terms of COD) had a
steady rose over time as well as this elimination improved in respect to the figures obtained with Ti/Pt.
In fact, COD abatement was about 70.3 %, 55.1 % and 27.5 % at Ti/Pt-SnSb electrode by applying 30,
60 and 80 mA cm?, respectively; obtaining modest values of current efficiency (Figure 1X.4b, inset)
with the increase in j. This behaviour may be due to the enhancement of the o.e.r. during the EO at high
values of current density, restraining the oxidation of organic compounds. Furthermore, this statement
is in accordance with the polarisation curves (Figure IX.2b) where the oxidation of AM dye was firstly
achieved than the electrolyte, at lower j (below 30 mA cm?), suggesting that an efficient production of
*OH radicals improves the oxidation of AM dye in solution, while at higher j (above 30 mA cm?), the

mediated oxidation via *OH radicals is in competition with o.e.r.

From the insets in the Figure IX.4a and Figure 1X.4b, it has been observed that modest current
efficiencies (4.4-0.4 %) were obtained by using Ti/Pt-SnSb electrode. Nevertheless, when Ti/Pt anode
was employed, less than 1 % of current efficiency was achieved (0.1-0.9 %) by applying different j. It
is important to note that, in the latter case, when an increase in j is attained from 30 to 60 mA cm?,
current efficiency goes from 0.8 % to 0.9 %. After that, at 80 mA cm?, the efficiency decreases
significantly, up to 0.1 %. This is probably due to the O, evolution at higher j (see, potentiodynamic
measurements reported in the Figure 1X.2a). Likewise, Ti/Pt is considered an active anode in which *OH
radicals are chemically adsorbed, thus presenting lower reactivity and favouring the electrochemical
conversion of the pollutant instead of its total mineralisation. Meanwhile, Ti/Pt-SnSb anode showed a
partially non-active character due to the fact that on its surface, the electrogenerated *OH are weakly
adsorbed and consequently, more reactive than those produced on Ti/Pt surface, promoting the complete

mineralisation of the dye to CO,, H,O and inorganic species [1]. Therefore, these results showed that

188



CHAPTER IX. ELECTROCHEMICAL ABATEMENT OF AMARANTH DYE SOLUTIONS USING
INDIVIDUAL OR AN ASSEMBLING OF FLOW CELLS WITH Ti/Pt AND Ti/Pt-SnSh ANODES

the intensification of the COD removal and the average of current efficiency are affected by the nature

of the electrode as well as current density.
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Figure 1X.4. Effect of the applied current density on COD removal over time with Ti/Pt (a) and Ti/Pt-SnSb (b) anodes. Insets:
Comparison of the current efficiency in each current density for the Ti/Pt (a) and Ti/Pt-SnSb (b) electrodes. Operating conditions:
Individual flow cell, 100 mg L™ of amaranth dye, 20 g L™ of Na,SO,, flow rate=250 L h, T=25 °C, current densities=30, 60 and 80 mA
cm?,

Moreover, the estimation of the energy consumption (EC) is also an important parameter for industrial
purposes. Thus, these values were estimated and reported in Table 1X.2 for both electrodes after 360
min of treatment. As can be observed, an increase on the j, intensified significantly the energy
consumption. This behaviour is also related to the energy that is mostly consumed by side reactions such

as o.e.r. when higher j are used [28,37,38].

Table 1X.2. Energy consumption (kwh m3) for different applied current density (j) after 360 min of electrolysis using
the single flow cells with Ti/Pt and Ti/Pt-SnSb.

Energy consumption (kwh m3)

Single flow cell

j=30 mA cm? j=60 mA cm? j=80 mA cm?
Ti/Pt 78.2 219.3 354.1
Ti/Pt-SnSh 71.6 206.6 314.8

Regarding the results obtained for each single flow cell, a new system arrangement - electrochemical
cells in series was explored in order to intensify the efficiency of organic pollutants elimination and
reduce the energy requirements. In this new configuration, values of 30 and 60 mA cm 2 were considered
to be applied because when higher j was employed (j=80 mA c¢cm), the efficiency of the treatment

decreased meaningfully.
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1X.3.2.2 Electrochemical cells in series

In order to enhance the oxidation rate of pollutants, electrochemical cells in a serial mode were tested
by using two different electrode combinations, Ti/Pt+Ti/Pt-SnSb and Ti/Pt-SnSh+Ti/Pt. The current
densities used were 30+30 mA cm?, 60+60 mA cm2, 30+60 mA cm2 and 60+30 mA cm? where the

first j is applied to the first cell while the second value is imposed to the follow electrochemical cell.

Figure IX.5a and Figure 1X.5b present the colour removal over time for the electrochemical cells in
series (Ti/Pt+Ti/Pt-SnSb and Ti/Pt-SnSh+Ti/Pt, respectively) by applying the four different j
combinations. Results clearly showed that, colour decay was completely achieved in short times,
independently of the electrode and j arrangement. As can be observed from the insets of Figure IX.5a
and Figure IX.5b, at 30+30 mA cm?, the absorbance was reduced satisfactorily after 180 min of
treatment, 96.7 % and 97.1 %, respectively. A similar trend was attained for the other experimental
combinations (data not shown). All configurations with electrochemical cells in a serial mode allowed
almost complete colour removal in less time (about 180 min less) than when single flow cell systems
were used (Figure 1X.3). This behaviour reveals that the recirculation of the pollutant by the two cells

enhances the efficiency of the process when compared to the previous cases where just one cell was

used.
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Figure I1X.5. Effect of the applied current density on colour removal over time with Ti/Pt+Ti/Pt-SnSb (a) and Ti/Pt-SnSb+Ti/Pt (b)
anodes. Insets: Absorbance band evolution over time by employing Ti/Pt+Ti/Pt-SnSb (a) and Ti/Pt-SnSb+Ti/Pt (b) electrodes at 30+30
mA cm?. Operating conditions: Assembling of flow cells in series, 100 mg L of amaranth dye, 20 g L of Na,SO,, flow rate=250 L h-
1 T=25°C.

Considering the removal of organic matter (Figure 1X.6a), the electrochemical cells in serial mode with
Ti/Pt+Ti/Pt-SnSh at 60+60 mA c¢cm led to the highest COD removal (=74 %) after 300 min of reaction
followed by 60+30 mA cm?, 30+30 mA c¢cm and 30+60 mA cm with 43.6 %, 42.1 % and 38.1 %,
respectively. By the results for single cell with Ti/Pt at 30 mA cm?, it was stated that may have occurred
the passivation of the anode. Nevertheless, the degradation of the AM dye was significantly intensified
(42.1 % of COD removal) through the use of the Ti/Pt+Ti/Pt-SnSh set at 30+30 mA c¢m?, avoiding
partially the deactivation of the anode surface. Conversely, with Ti/Pt-SnSb+Ti/Pt anodes at 30+30 mA
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cm? (Figure 1X.6b), 21.8 % of COD removal was obtained after 300 min of treatment. This behaviour
is probably due to a poor removal of dye at Ti/Pt-SnSb anode surface, generating by-products that are
difficult to be subsequently eliminated by Ti/Pt electrode. In addition, this set at 60+30 mA cm led to

a steadily COD removal (45.4 %) up to 120 min, remaining almost constant thereafter.

Generally speaking, COD removal efficiencies, at the end of the electrolysis, for both serial cells
combinations were mostly superior to those obtained when single cells were used. Then, the results
clearly demonstrated that the EO approach is enhanced in both compartments with different
electrocatalytic materials at the same/different current densities with recirculation, favouring a variety

of mechanisms during the this process.

Further than the colour and COD depuration, energetic consumption is also an important parameter to
be analysed. Insets of Figure 1X.6 represent the energy consumption (EC) and COD removal values
obtained after 300 min of reaction time, for the four current densities combinations. As can be observed,
EC rose as the j increased (30+30 mA cm to 60+60 mA cm). In the inset of Figure IX.6a, the highest
organic matter removal with Ti/Pt+Ti/Pt-SnSb (73.7 %) corresponded to the highest energy
consumption with 304.3 kWh m by applying 60 mA cm to both cells. At this current density, the Ti/Pt
anode promotes the electrogeneration of *OH radicals and persulfate species to oxidise the AM dye,
increasing COD decay, while at Ti/Pt-SnSh, the by-products formed in the first cell were more easily
removed. Conversely, the combinations 30+30 mA c¢cm?, 30+60 mA cm and 60+30 mA cm2 led to
similar COD removals (38.1-43.6 %), requiring different energy consumptions, whereas the

combination of j at 30+30 mA cm attained the lowest energy consumption of 110.9 kWh m3.

In the case of the electrochemical cells in a serial mode with Ti/Pt-SnSb+Ti/Pt electrodes (inset of Figure
IX.6b), highest COD removals were achieved at 60+30 mA cm2 (51.1 %) and 30+60 mA cm2 (47.5 %)
with 207.3 and 209.9 kWh m, respectively. Meanwhile, the j combination of 30+30 and 60+60 mA
cm2 accomplished lower COD removals of about 21.8 % and 36.7 % with distinct energy requirements
of 113 and 303.3 kWh m3, respectively.
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Figure 1X.6. Effect of the applied current density on COD removal over time with Ti/Pt+Ti/Pt-SnSb (a) and Ti/Pt-SnSb+Ti/Pt (b)
anodes. Inset: Effect of the combinations of current density in energy consumption at the final COD removal values (black circles)
after 300 min of treatment time with Ti/Pt+Ti/Pt-SnSb (a) and Ti/Pt-SnSb+Ti/Pt (b) anodes. Operating conditions: Assembling of flow
cells in series, 100 mg L™ of amaranth dye, 20 g L* of Na,SO,, flow rate=250 L h, T=25 °C, current densities=30+30, 60+60, 30+60
and 60+30 mA cm2,
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1X.3.2.3 Effect of electrochemical arrangements (single or assembling of cells in series) in energy

consumption

Figure IX.7 represents the energy consumption for the electrochemical treatment of the AM dye
necessary to remove approximately 90 % of the pollutant colour by using single electrochemical flow
cells and electrochemical cells in a serial mode. Almost all single flow cells experiments attained this
removal value until 180 min of electrolysis, except the one with Ti/Pt-SnSb at 30 mA c¢cm2 which took

240 min. In the case of the electrochemical cells in series, it was attained after 120 min for every trial.

Comparing the energy requirements between electrochemical cells in serial mode and single flow cells
(Figure 1X.7), the power consumption for the former ones seems analogous or even higher (44.9-124.9
kWh m®) than those obtained by using single arrangements (39.2-110.9 kWh m®). However, when the
energy required by assembling electrochemical cells in series is compared to the sum of energy
consumed by each cell separately, it is possible to conclude that the cells in series spent lower electrical
energy, obtaining in several cases, higher COD removals than those achieved at single flow cell
arrangements. The obtained energy consumption values are in accordance to those referred in literature
by Brillas and Matinez-Huitle [1], 1.1-163 kWh m. Regarding industrial sources, the energy cost is
0.12 € kWh, Thus, the treatment cost may vary between 4.7-13.3 € m™ for individual cells, 5.4-15.0
€ m for the assembling of two cells in series and 10.4-25.8 € m for the sum of individual cells.

Another important remark is that, although the energy consumption for the individual cells seems to
depend on the applied j rather than on the nature of the electrode; this last parameter strongly affects the
COD removals. Furthermore, the energy consumption for the electrochemical cells in a serial mode was
also similar between pairs of experiments, independently of the order of the anodes in the system since
the same j was maintained for each material type. For example, the energy consumption for the tests
Ti/Pt+Ti/Pt-SnSb (30+60 mA cm2) and Ti/Pt-SnSh+Ti-Pt (60+30 mA cm2) were 88.3 and 84.6 kWh
m3, respectively (Figure IX.7c and Figure 1X.7d). Therefore, the most suitable arrangement choice will
depend on the COD value to be achieved, the electrolysis time and the energy consumption. For
example, at 240 min the cell with Ti/Pt-SnSb anode at 30 mA c¢cm reached 51.7 % of COD removal
consuming 47.9 kWh m, while the system with Ti/Pt-SnSh+Ti/Pt (60+30 mA cm) can remove 45.4
% of COD in 120 min with 84.6 kWh m™.
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Figure 1X.7. Energy consumption to achieve approximately 90 % of colour removal using single and an assembling of electrochemical
flow cells in series, and respectively COD removal values (black circles). (a) Ti/Pt at 30 mA cm? and Ti/Pt-SnSb at 30 mA cm?, (b)
Ti/Pt at 60 mA cm? and Ti/Pt-SnSb at 60 mA cm, (c) Ti/Pt at 30 mA cm and Ti/Pt-SnSb at 60 mA cm? and (c) Ti/Pt at 60 mA cm?
and Ti/Pt-SnSb at 30 mA cm2. SUM corresponds to the sum of energy consumption applying both single flow cells. Operating
conditions: Individual flow cell and an assembling of flow cells in series, 100 mg L"! of amaranth dye, 20 g L* of Na,SO,, flow rate=250
L h?, T=25 °C, current densities=30 and 60 mA cm™.

1X.3.3 EFFECT OF THE NON-ACTIVE ANODE IN AN ASSEMBLING OF FLOW CELLS IN SERIES

As low/moderate COD removals were achieved by using electrochemical cells in a serial mode with
Ti/Pt and Ti/Pt-SnSbh anodes, new sets of experiments were performed with a non-active anode, the
boron doped-diamond (Nb/BDD), in order to improve the electrochemical abatement and the efficiency
of the process. In addition, bearing in mind the COD removals previously obtained with Ti/Pt and Ti/Pt-
SnSb electrodes in single flow cells, the best performances were obtained with Ti/Pt-SnSbh anode; thus
this material was selected to be part of the new cell arrays in a serial mode (Ti/Pt-SnSb+Nb/BDD and
Nb/BDD+Ti/Pt-SnSh).

Figure 1X.8 displays colour removal over time for both arrangements at four different j combinations
30+30 mA cm?, 60+60 mA cm?, 30+60 mA cm? and 60+30 mA cm?. As can be observed, the
decolourisation was considerably improved when Nb/BDD material was included in the electrochemical
cells in series, reducing significantly the electrolysis time. Using cell arrays in a serial mode (Ti/Pt-
SnSh+Nb/BDD and Nb/BDD+Ti/Pt-SnSb), colour decay was totally accomplished between 30 and 180

min, in both cases. The insets of Figure IX.8a and Figure IX.8b illustrate the fast disappearance of the
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absorbance band, which is related to the chromophore group, for the experiments at 30+30 mA c¢cm
with Ti/Pt-SnSb+Nb/BDD and Nb/BDD+Ti/Pt-SnSh anodes, respectively. In these serial combinations
of cells, it seems that when Nb/BDD anode is used at 60 mA cm?, it promotes a rapid cleavage of the
chromophore group, intensifying the efficiency of the colour removal, while the cell with Ti/Pt-SnSh
electrocatalytic material acts as a polishing step of wastewater, finalising the elimination of
discolouration treatment. The improvement on the colour removal with arrays in a serial mode is
consistent with the results obtained for the individual cells using BDD anode because an increase in the

applied j improves the decolourisation rate (data not shown).
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Figure 1X.8. Effect of the applied current density on colour removal over time with Ti/Pt-SnSb+Nb/BDD (a) and Nb/BDD+Ti/Pt-SnSb
(b) anodes. Insets: Absorbance band evolution over time by employing Ti/Pt-SnSb+Nb/BDD (a) and Nb/BDD+Ti/Pt-SnSb (b)
electrodes at 30+30 mA cm. Operating conditions: Assembling of flow cells in series, 100 mg L™ of amaranth dye, 20 g L* of Na;SO,,
flow rate=250 L h, T=25 °C.

Figure 1X.9 depicts the energy consumption (EC) and the time required to remove the maximum colour
of the AM dye by using single (97.5-100 %) and arrays in a serial mode (100 %) systems. As can be
observed, the electrolysis time for colour decay diminished with the use of BDD material, in single and
serial arrangements. The energy consumption in single flow cells seems to depend on the nature of the
electrode material as well as on the applied j, since the EC values achieved for Nb/BDD were lower
(14.3-39.5 kWh m®) than those obtained for Ti/Pt-SnSh (71.6-206.6 kWh m=) during the AM dye
degradation. While colour removal globally increased with j, in its turn, COD abatement was mainly
more efficient for the experiments when 30 mA cm was applied by using single flow cells. This
behaviour indicates that the electrical charge supplied is not efficiently employed for the degradation of

organic matter but it is spent in parasitic reactions such as o.e.r.

In some cases when serial cell combinations were used, the EC also appeared to be higher than the ones
attained for the individual ones. However, if both individual flow cells were used to achieve similar
COD removals as the serial mode arrangement, higher energy requirements would be necessary. In fact,
the power consumption required by electrochemical cells in serial mode are lower than those attained
with the use of Ti/Pt-SnSb and Nb/BDD anodes (sum of EC for the use of electrochemical cells
independently).
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Another interesting feature observed from Figure IX.9 is that COD removal values of the serial
combination with Ti/Pt-SnSb and Nb/BDD are higher when compared to ones of the previous serial
mode arrangement by using Ti/Pt and Ti/Pt-SnSb anodes (see, Figure IX.7), in less electrolysis time. It
is possible to observe in Figure 1X.9a that similar COD removal values can be achieved at different
electrolysis times. For the cells in series, the power consumption was quite comparable (78 kWh m-) or
inferior (52.5 kWh m=) to the individual cell with Ti/Pt-SnSh (71.6 kWh m). In the case of Ti/Pt-
SnSb+Nb/BDD at 60+60 mA cm2 (Figure 1X.9), after 30 min of oxidation, a COD removal value of
55.1 % was achieved with an energy consumption of 37.3 kwh m. This arrangement allowed the same
or higher COD degradations when compared to the experiments involving single cells with Ti/Pt-SnSb
at 60 mA cm (55 %) or Nb/BDD at 60 mA cm? (23.3 %), respectively; but with a shorter oxidation
time of 30 min. In Figure 1X.9c, as can be seen, the assembling of electrochemical cells in series
consumed low energy (= 26 kWh m) if related to their respectively individual cell (Ti/Pt-SnSb at 30
mA cm2 and Nb/BDD at 60 mA cm). In addition, it was also possible to verify that the test with
Nb/BDD+Ti/Pt-SnSbh at 60+30 mA cm attained 3/4 of the COD removal achieved by Ti/Pt-SnSb at 30
mA cm? in just 30 min, rather than the 360 min required by the individual cell. Among the tests
performed, the maximum COD depletion obtained was 74.4 % for the Nb/BDD+Ti/Pt-SnSh at 30+60
mA cm2 in 120 min of electrolysis with 96.8 kwh m of energy consumed (Figure 1X.9d).
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Figure 1X.9. Energy consumption to achieve the maximum colour removal (black circles) using single and an assembling of
electrochemical flow cells in series. (a) Ti/Pt-SnSh at 30 mA cm and Nb/BDD at 30 mA cm?, (b) Ti/Pt-SnSb at 60 mA cm? and Nb/BDD
at 60 mA cm?, (c) Ti/Pt-SnSb at 30 mA cm? and Nb/BDD at 60 mA cm2 and (c) Ti/Pt-SnSb at 60 mA cm? and Nb/BDD at 30 mA cm’
2, SUM corresponds to the sum of energy consumption applying both single flow cells. Operating conditions: Individual flow cell and
an assembling of flow cells in series, 100 mg L* of amaranth dye, 20 g L* of Na,SO,, flow rate=250 L h, T=25 °C, current densities=30
and 60 mA cm2,
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These results clearly show that the use of Nb/BDD anode enhances the efficiency of the process. This
might be due to its nature, since it is a non-active anode meaning that the generation of physisorbed
BDD(*OH) radicals characterised by a weak electrode-hydroxy| radical interaction results in high ability
to completely mineralise the organic compounds. It should be stressed that the treatment cost using the
assembling of cells in series varied between 3.1-17.4 € m, while for the individual cells was 1.7-24.8
€ m, which would lead to that the sum of the individual cells varied between 0.3-29.5 € m=. Thus,
generally speaking, the assembling of electrochemical cells can achieve lower operating costs when
compared to the sum of the individual ones to reach the same COD degradation.

Final remarks

The best performances of EO, in terms of COD removal and energy power, using an assembling of
electrochemical flow cells in series are summarised in Table 3. As can be observed, the experiment with
less electric power demand (26 kW m®) was the Nb/BDD+Ti/Pt-SnSb at 30+30 mA cm with a COD
removal of 69.9 %. When power consumption was duplicated (52.2 kW m=) or even triplicated (74.7
kW m3), the removal of COD decreased 24-27 % for the Nb/BDD+Ti/Pt-SnSb at 60+30 mA cm and
Ti/Pt-SnSb+Nb/BDD at 60+30 mA cm tests, respectively. This reduction in organic load decay is in
accordance with the removals obtained with the increasing of j for individual cells of Nb/BDD and Ti/Pt-
SnSh. In the case of Nb/BDD+Ti/Pt-SnSh at 60+30 mA c¢m- trial, although there was a growth of 6 %
in COD removal, this rise promoted an increase of 1.9 times the power consumption compared to the
baseline experience. Regarding, the experiment with both active anodes, the lowest COD decay with

45.4 % removal was achieved by it.

It is noteworthy mentioning that tests using Nb/BDD at 30 mA cm2 in the first position of the serial
mode allowed better removal efficiencies; while a higher j led to lower COD removals and higher energy
consumption per hour. Therefore, the most appropriate experiment to treat solutions containing AM dye
is Nb/BDD+Ti/Pt-SnSh at 30+30 mA cm™.

Table 1X.3. Summary of the best experiments of assembling of electrochemical flow cells in series according to electric
power demand and COD removal.

Electric power demand COD removal Cell combination j

(KW m%) (%) (mA cm?)
26 69.9 Nb/BDD+Ti/Pt-SnSh 30+30
423 45.4 Ti/Pt-SnSb+Ti/Pt 60+30
484 74.4 Nb/BDD+Ti/Pt-SnSh 30+60
52.2 53 Nb/BDD+Ti/Pt-SnSh 60+30
74.7 55.1 Ti/Pt-SnSh+Nb/BDD 60+60
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IX.4 CONCLUSIONS

The electrochemical depuration of the AM dye from a synthetic effluent was studied through the
application of individual flow cells or an assembling of electrochemical flow cells in series employing

active and non-active anodes.

The efficacy of the EO process was mainly affected by the nature of the anode since this parameter
determines how easily the *OH radicals are generated, promoting the elimination of the organic
compounds. In addition, the current density also influenced the process by controlling the quantity of
electrogenerated radicals and the energy consumed. Among the experiments with single electrochemical
flow cells with active anodes, the Ti/Pt-SnSh at 30 mA cm led to highest COD removal of 70.3 %,

97.5 % of colour removal and energy consumption of 71.6 kwh m=3, after 360 min of reaction.

Regarding the electrochemical cells in a serial mode, complete colour removal was achieved in about
180 min less when compared to single flow cell systems. Furthermore, in serial combinations, the
wastewater treatment was even affected by the order of anodes in the system as well as by the current
densities applied to each one of the cells, leading to higher COD removals than in individual cells. The
Nb/BDD+Ti/Pt-SnSh arrangement at 30 + 30 mA cm, after 180 min of reaction, achieved the optimum
combination of results, with 100 % and 69.9 % of colour and COD removals, respectively, as well as 78
kWh m= of energy consumed. Therefore, this arrangement revealed to be an efficient alternative pre-
treatment to the colour and COD removals of dye effluents. Although the main goal of this work was
the use of cheaper anode materials for the treatment of wastewaters containing dyes, it was found that
the use of Nb/BDD becomes attractive to reduce the time of the process, keeping it as an interesting

material.

Finally, it is important to highlight that the electrochemical cells in series arrangements are still a new
environmental application under study (this arrangement is mainly used in electro-synthesis [38]),
therefore more experiments will be established in order to understand how the efficiency of the process
can be improved and consequently, obtain a significant reduction on the treatment time and energy

consumption.
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X. GENERAL OVERVIEW AND CONCLUDING REMARKS

The main objective of this research was to study the application of the electrocoagulation (ECG) and
the electrochemical oxidation (EO) processes for the depuration of two distinct types of wastewaters,
phenolic and dye (simulated or real). In order to accomplish efficient solutions, laboratory trials were
designed and executed. The experiments performed were grouped in two main parts comprising the
ECG and EO methodologies, being divided into case studies.

According to the ECG results, it is possible to highlight that the performance of the process greatly
depends on the kind of the sacrificial anode material applied (Al, Cu, Fe, Pb and Zn) for the depuration
of six phenolic acids typically found in olive mill wastewaters (OMW). Among the materials studied
the Zn anode was found to provide the highest removal of TPh and COD. However, the treated solution
still had low biodegradability and ecological impact, detected by bio-luminescence techniques, probably

due to the formation of organochlorine species and metal leaching content.

Once Zn showed to be a suitable anode material for pre-treating wastewater through ECG, this process
was optimised for a simulated phenolic mixture, by testing several operating conditions such as the pH,
current density (j), distance between electrodes, nature of electrolyte and type of cathode (SS and Zn).
The medium pH and the type of electrolyte were found to be the parameters that affected most the
system, since the first one determines what species are formed in the bulk medium and the second one
the amount of coagulant formed. The cathode material and j had a less pronounced effect, while that of
the distance between electrodes was quite negligible in the studied range (0.5-2.0 cm). The anode
performance was accessed by four fed-batch trials, exhibiting almost constant activity during the
operation time. The optimum operating conditions achieved were initial pH of the effluent equal to 3.2,
current density of 25 mA cm, distance between electrodes of 1.0 cm, 1.5 g L of NaCl and SS as
cathode, leading to 84.2 % and 40.3 % of TPh and COD removals, consuming 40 kWh m=3, Those
optimised conditions without NaCl addition were applied to the remediation of a filtered real OMW,
leading to 72.3 % of TPh and 20.9 % of COD abatements with a consumption of 34 kWh m=3. This study
revealed the advantages of the ECG process as a pre-treatment of other methods, namely the EO, to
ensure the legal limit values of the wastewaters to be discharged into the aquatic streams regarding their
organic load. In addition, the results achieved for the degradation of the TPh of the OMW may be most

likely generalised for other agro-effluents containing phenolic compounds.

The ECG technology has also been applied to the elimination of the Reactive Black 5 dye from aqueous
solutions by the use of Al anodes in batch and recirculation flow systems. In both configurations, it was
verified that the parameters that affected most the systems were the current density (j), the nature of the
anode and the dye concentration, while the initial pH was less significant. The best results for both
systems were achieved by the following operating conditions: j of 16 mA cm, pHo of 6 and the initial

concentration of the dye of 100 mg L™ (and 800 rpm for the batch-stirred reactor). In the first min of
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treatment, the recirculation flow ECG system led to higher decolourisation rates, whereas at the end of
the electrolysis both configurations attend the same colour removal (97 %) with different energy
consumptions (14 and 22 kWh m for batch and flow reactors, respectively). This conveyed that the
performance of the systems depends on the way in which the liquid is mixed. An actual textile effluent
was also treated by applying Al or Zn anodes in the batch-stirred system, having been obtained final

satisfactory results for its discharge in aquatic media.

The experiments with ECG showed that the superiority of different electrode materials varies between
different types of agueous solutions being treated, meaning that this must always be determined case-

specifically.

Regarding the application of the EO process to depurate phenolic wastewaters mimicking OMW, the
use of Ti/RuO, and Ti/lrO, anode materials was addressed, being carried out in a batch-stirred reactor.
The effect of the nature and electrolyte concentration (1.8-20 g L™ of NaCl or Na,SQy4), current density
(57-119 mA cm?) and initial pH (3.4-9) was tested. The nature of the electrolyte clearly affected the
treatment process, and the increase in current density had a strong influence in TPh and COD removal,
while the concentration of the electrolyte as well as the initial pH had a sparingly impact. The optimum
operating conditions attained, 10 g L of NaCl, 119 mA cm and initial pH 3.4, allowed the complete
removal of TPh for both anodes, while the COD abatement was 100 % and 84.8 % with Ti/RuO, and
Ti/lrO- electrodes, respectively, after 180 min of reaction. The surface of the anodes was evaluated by
SEM. In the case of Ti/RuOy, its morphology was maintained after use, whereas some changes occurred
on the surface of the iridium along the process. Neuronal studies were also performed before and after
the EO treatment with both active anodes. The ROS analysis showed clear differences of the impact of
the untreated and treated effluents in neuronal activity. The untreated effluents without and with the
electrolyte NaCl caused large depressions of the ROS signal. However, both signals recovered to the
initial values upon washout. The effluent treated using any of the anode had a milder effect, compared
to the raw one, but the neuronal ROS activity became enhanced after the effluent’s removal. Considering
that the treatment eliminated all phenolic compounds, the smaller depression and the large potentiation
appearing after washout, may be due to the action of end products of the EO process. Moreover, when
those optimised parameters were applied to the depuration of an undiluted real OMW (CODy=23 gO>
L for the Ti/RuO, experiments or CODo=6.5 gO, L* for the Ti/IrO, experiments), a complete TPh
removal was achieved and 17.2 % or 16.5 % of COD removals were attained with Ti/RuO; or Ti/lrO;
anodes, respectively. The latter anode was also used to treat a diluted real OMW (CODo=1.0 gO, L),
achieving 62.8 % of COD removal. These achievements demonstrate that the EO, with both anode
materials, is an interesting process to eliminate TPh, while it can also be used as a pre-treatment of
subsequent degradation methodologies to attain the legal limits of COD to be discharged in natural

streams.
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Concerning the dye wastewaters treatment, the performance of Ti/lrO,-Ta,0s and Nb/BDD anodes to
degrade Amaranth dye has been tested by electrochemical measurements such as cyclic voltammetry
and polarisation curves. The non-active anode had a substantial oxidation power to oxidise the dye
compared to the active one. Moreover, bulk electrolysis employing one or two flow cells in series have
been accomplished by varying current densities and/or the sequence of the cells of the serial mode. The
kind of the anode applied to the system strongly influenced its efficiency, since it controls the way the
generated *OH radicals (chemisorbed or physisorbed) interact with the organic pollutants in the system.
In addition, the current density showed to greatly affect the process depending on the type of the anode
material. The optimum results achieved by individual cells were complete decolourisation and 49.1 %
of COD removal by the Nb/BDD experiments at 30 mA cm2 after 60 min of treatment. In the case of
Ti/lrO,-Ta,0Os material were 98.5 % of colour and 43.2 % of COD removals after 360 min of electrolysis.
The assays with cells in series revealed that, depending on the combination, their efficiency may be
higher with less energy consumption than the sum of the individual cells. The arrangement Ti/lIrO-
Ta,0s+Nb/BDD at 30+30 mA cm led to the most interesting results, wherein 100 % and 75.1 % of
colour and COD removals were obtained, after 60 min, consuming 25.4 kWh m, Similar studies were
performed with two active anodes, Ti/Pt and Ti/Pt-SnSh, in order to test their potential as cheaper anode
materials for the treatment of wastewaters containing dyes. Polarisation curves showed that the latter
material exhibited higher electroactivity to degrade the dye. This electrode applied to a single flow cell
at 30 mA cm2 led to 97.5 % and 70.3 % of colour and COD removals, respectively, consuming 72 kWh
m-3 of energy after 360 min of treatment. Combining the two active anodes, a total colour removal was
achieved 180 min earlier than when a single cell is used. Experiments relating Ti/Pt-SnSb and Nb/BDD
anode materials were accomplished to clarify the effect of non-active anodes in the arrangement. The
trial with Nb/BDD+Ti/Pt-SnSb at 30+30 mA cm reached the optimum combination of results, after
180 min of reaction, with 100 % and 69.9 % of colour and COD removals, respectively, as well as 78

kWh m of energy consumed.

The BDD material still is an attractive material in EO due to the high removals of pollutants achieved,
but also in the reduction of electrolysis time. Among the tests with flow cells configuration in series, it
seems that the combination Ti/IrO,-Ta,Os+Nb/BDD at 30+30 mA cm leads to the most noteworthy

solution to the purification of a synthetic solution containing the Amaranth dye.

Additionaly, the suitable system choice of an EO system will depend on the final target COD value, the
reaction time and the energy consumption. Thus, taylor-made solutions must be designed for each
particular effluent and final objectives. However, electrochemical processes show interesting versatile

features that allow an easy adaptation of the operating conditions for specific cases.
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XI.SUGGESTIONS OF FORTHCOMING WORK

The results of the present study are important to understand the features of advanced electrochemical
systems involving electrocoagulation and electrochemical oxidation processes for the treatment of liquid
effluents addressed here through olive mill and dye wastewaters. Moreover, it should be kept in mind
that research and work in this area is not over yet. The search for strategies with optimal removals and

a good cost-efficiency ratio must be a constant attempt.
In order to achieve that goal:

o Real wastewaters should be applied more often instead of simulated model solutions to resemble
as much as possible an actual treatment.

e The integration of the electrochemical technologies with biological processes may be required.
Since the electrocoagulation (ECG) or electrochemical oxidation (EO) will allow the removal
or degradation of the recalcitrant and toxic pollutants, enhancing their biodegradability and
improving the performance of an inexpensive biological reactor. These integrated strategies
may provide the most economical solution.

e Combining ECG and EO processes should be carried out for effluents that present a high amount
of solids. The first step corresponding to the ECG will remove the solids that can enhance the
efficiency of the subsequent EO.

e Other kind of integration to be tested could be ECG/EO with Advanced Oxidation Processes
(AOPs). If the electrochemical processes do not allow to achieve the environmental laws to the
discharge of the effluent, the AOPs such as ozonation and Fenton’s process can be used as a
polish stage to eliminate the residual organic matter which may lead to treated water with quality
for reuse.

e The use of renewable energy resources, namely sun light with photovoltaic cells, can be one
way of reducing the cost of the electrochemical treatments, making the process more
competitive.

o Improvement of the design of the flow cells systems presented in this work may also be a path
to be futurally followed.

e Study and analysis of pilot and full scale systems in continuous mode will be demanding for
final industrial applictions.

e Investigate the operating and investment costs associated with each of the electrochemical

processes are surely one of the succeeding steps of these studies.
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Regarding the specific processes addressed in this work the following issues should be complemented.

In ECG:

e evaluate the concentration of the coagulant over time;

o analyse the sludge produced during the treatment and determine what its future application will
be;

o apply flow systems to the treatment of OMW.

o prepare less expensive electrodes with high stability and activity that could replace the use of
BDD;

e determine and monitor the intermediate compounds electrogenerated.

There is still much interesting work to be done in order to continue the promising development of ECG
and EO processes to defeat the increasing pollution problems and to help to preserve the environment
for the benefits of all living beings.
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